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Abstract

The last decade has witnessed the skyrocketing progress of perovskite solar cells
(PSCs) with its current world record energy conversion efficiency reaching over 24%.
Nevertheless, unsatisfactory device stability and current-voltage hysteresis normally
observed with most PSCs under operational condition are the bottlenecks that restrict the
application of this photovoltaic technology in practice. It is known that interface
properties are the heart of an electronic device performance. Understanding the
interactions occurring at the interfaces is important to design and develop effective
strategies to address these issues associated with PSC. In this review, we summarize the
most recent advancement on understanding the interfaces in PSCs, in particular the
interfaces of perovskite/electron transport layer (ETL) and perovskite/hole transport
layer (HTL). Our main interest is to provide a guidance in the immense complexity of
dynamic behaviours of the PSCs, particularly concerning the slowest time scale
measurement that have a maximum impact in the actual operation of the solar cell.
Therefore we address the separation of phenomena such as ion migration, interfacial
charge accumulation, and surface electrochemical reactions. We provide an analysis of
electrooptical small perturbation methods, including impedance spectroscopy (IS), and
the description of negative capacitance, as well as spatially resolved techniques. The
impact of different contacts with variable morphology, composition on the
perovskite/ETL and perovskite/HTL interface properties reflected by kinetics of charge
transport and chemical reactions are discussed to provide deep insights into the
operational mechanism of PSCs. We reach the conclusion that a number of
measurements observed in the time frame of 0.1 to 10 s are due to slow response of the
ionic double layer, and we identify asymmetric surface charge and discharge processes
responsible for such kinetic effects. We also suggest the research direction regarding
new approaches to understanding interfacial reactions of PSCs to achieve high device
performance in the future.



Broader context

While metal halide perovskite materials have shown outstanding properties for
applications in photovoltaics and optoelectronics, the operation of the devices is
hindered by a number of phenomena that occur on extremely low frequencies and long
time, and have proved very difficult to characterize systematically. Based on an
extensive overview of contact phenomena we show that the interface of the perovskite
material with organic or inorganic contacts is a site where a combination of ionic and
electronic phenomena conspire to produce effects that severely modify the expectations
received from the traditional solar cell operation. Our analysis has three main aspects:
the charge accumulation phenomena, the dynamic phenomena, and the physico-
chemical features of the interface. From a review of a very broad range of methods and
materials, we propose a general interpretation of the main factors dominating the
response. In summary one can observe totally reversible phenomena of charge
accumulation, a partial ionic binding that retards the response, and intense chemical
interactions that perturb and invalidate the devices. Sorting out these phenomena is a
key objective for ensuring stable performance and endurance in future technologies of
metal halide perovskites.



1. Introduction

Semiconductor materials based on metal halide perovskite have received enormous
attention owing to their exceptional opto-electronic properties which open for
applications in areas such as solar cells, light emission diodes, X-ray detectors, etc. The
chemical formula of the perovskite can be described as ABX3 where A = monovalent
cations such as methylammonium (MA), formamidinium (FA), cesium (Cs), B =
divalent cations such as lead (Pb), tin (Sn) and X = halide anions including chloride
(CI), bromide (Br), iodide (). MAPbX; was first synthesized by Weber in 1978. The
first attempt of applying methylammonium lead halide (bromide, iodide) (MAPDBTrs3,
MAPDI3) in solar cells was reported by Kojima et al. in 2009, who employed the
perovskite nanocrystals as light absorber in a conventional sensitized solar cell using
iodide/triiodide based liquid electrolyte.? The past ten years have witnessed the
skyrocketed progress of the power conversion efficiency of perovskite solar cells thanks
to advancement in material engineering and interface optimization. The current certified
record efficiency of PSC is 24 % for single junction solar cells, which is comparable to
crystalline silicon solar cells and even surpass the efficiency of thin film CIGS and
CdTe solar cells. Compared to the solar cells based on light absorber such as silicon,
CIGS and CdTe, the most attractive feature for PSCs include low temperature solution
processing methods and high efficiency achieved with very thin layer (< 500 nm), as
well as the abundance of raw materials. These make it viable for large-scale production
of light weight, flexible PSCs devices using cost-effective methods such as roll-to-roll,
screen-printing or slot-die, achieving low cost solar electricity in the future.

It has been well established that in addition to the excellent bulk photovoltaic (PV)
characteristics, the interface properties determine to a large extent the performance of a
hybrid perovskite solar cell (PSC) device. A typical PSC device architecture is
composed of fluorine-doped tin oxide (FTO)/electron transport layer
(ETL)/perovskite/hole transport layer (HTL)/gold, which contains four interfaces.
Different interface materials used in PSCs have been shown in recent reviews.*®
Moreover, it is often assumed that slow dynamic effects such as hysteresis in j-V curves
Is associated to ionic motion effect. However, a deterministic connection between the
ionic displacement and the observed kinetic variations of the outer electronic current has
not been established yet. In this review we will discuss the recent advances of
understanding on dynamic properties of PSC devices in the time scales associated to
actual operation of the solar cell. We argue that the actuation of ions on the contact
interface is a predominant cause for different types of slow kinetic effects. We further
connect these dynamic effects with chemical reactivity at the interfaces, which
ultimately influence the device stability.

2. Timescales of ionic/electronic phenomena in PSC
The first question we ask is about the transport rates in a PSC. And not only
electronic transport, as it has been well established that a significant amount of ionic



displacement influences the characteristics of measurement and operation of PSC." ® We
are used to solar cells that are predominantly governed by electronic transport. For
example, in silicon solar cells carrier transport is rather fast so that it is not likely to
influence ordinary experimental observations, compared to recombination events.® This
is why we can rely on energy diagrams that are solved with respect to a fixed
background of ionic density.’® On the other hand in solar cells made of nanostructured
metal oxide the electron transport is considerably slower and transport resistance can be
unambiguously determined.™ In dye-sensitized solar cell diffusion of ions in electrolyte
often forms a prominent feature, but it can be neatly separated from electron transport
components by measurement protocols.*? 3

In the PSC, it has been found that many slow phenomena appear in physical
measurements, the prominent representative being the hysteresis of current-voltage (j-V)
curve.***” A slow ionic transport is one possible reason for such sluggish response.'®
However, a clear connection between the rate of transport and the time response of PV
properties has not been achieved, yet.

Recent work enables the quantification of ionic diffusion rates for lead halide
perovskite materials, especially at room temperature. Methods such as the galvanostatic
measurement,'® impedance spectroscopy (IS), using the classical transmission line
method,® and suppression of luminescence in laterally contacted electrodes,?* have
provided quantitative values of the diffusion coefficient of halide defects which is in the
order Dy, = 1X 108 cm? s for methylammonium lead trihalides perovskite (i.e.
MAPDI; or MAPDBT3). In addition, cation transport has also been measured for extrinsic
Li* and MA". Alternatively, a variety of techniques operating in a wide array of
frequency ranges have provided values of electronic mobility in metal halide
perovskites.?? While there is a scattering of values depending on many factors such as
specific composition and preparation methods of the perovskite materials, it is safe to
take some representative values that are indicated in Table 1.

Type Diffusion coefficient | Carrier mobility | Measurements?
D (cm?s™) n(em?Vvish

Electron transport 0.3 ~1—100 Several  methods like
THzC, MWC, PLQ or
scLCc*

Extrinsic Li* 1% 10-7 4 % 10-6 1S%

Halide  vacancy 1 x 10-8 4 %107 Galvanostatic voltage

transport (V") measurement,”® 1S, PL

suppresion.?

Table 1. Some characteristic kinetic coefficients in PSCs based on MAPDbI; or
MAPDBr3;, at room temperature. a lists the technique used to determine the mobility
value: i.e. THzC: optical-pump-THz-probe photoconductivity, MWC: Microwave
conductivity, PLQ: PL quenching method, SCLC: Space-charge Limited Current, IS:




Impedance spectroscopy.

The carrier conductivity (associated to the transport resistance) is the crucial quantity
controlling possible power losses and determining which species govern carrier
redistribution in application to external perturbation. A figure of merit that shows which
current (either ionic or electronic) will be dominant in each situation is the quotient of
conductivities. Considering electronic density n and ionic density ¢ we expect that

2=%=107§ 1)

o CUi

This result indicates that in any typical situation the current is mostly driven by
electronic current, unless the density of mobile ions becomes many orders of magnitude
larger than electronic density. The latter may be expected in the dark in extremely low
doped samples.

Starting from the previous general considerations, we may now compute several time
constants that describe characteristic phenomena in the hybrid perovskite materials. In
order to establish the relative significance of transport phenomena in the kinetic
timescale, it is necessary to choose a characteristic distance. A good point to start our
analysis is to consider the kinetic of transport of ionic carriers across a region with
thickness of d =100 nm. The transit time for each carrier to diffuse across such a
distance is

2
Taiff = % 2)

The results for a typical solar cell layer with thickness in the order of hundreds of
nanometers are shown in Table 2 and summarized in Figure 1. For ionic transport, this
will be the time needed for ionic carriers consisting on halide vacancies to cancel a new
composition gradient that occurs under external variations, and it takes the value
t=10"%s.

It is quite frequently found in PSC a much lower time scale for changes of variables
like photovoltage or photocurrent.’® Here this kinetic phenomenon with t=
10° — 102 s is attributed to ionic double layer kinetics, as it will be discussed later on.
Finally, another type of migration occurs in the time scale of many hours (t > 103 s)
which can be associated to much less mobile cation species MA".

Type Time
Electronic transport across d2
d =100 nm T= 3=10‘9s
Halide vacancy diffusion a2

. T=—=10"%s
over a distance d =100 nm D
The response of ions T=10° — 102 s
accumulated at the
perovskite surface




Cation vacancy diffusion T=103s
over a distance d =100 nm

Table 2. Some characteristic timescales of kinetic phenomena in PSCs MAPDI3 and
MAPDBr3;, at room temperature.

500 nm

Figure 1. Representative characteristic times for ionic phenomena in a typical perovskite
solar cell.

3. Fast lonic transport in the bulk of the PSC

lonic transport has emerged as a key player in perovskite research but its precise role
in the slow response observed during electrical measurements and its relationship with
degradation dynamics is under debate. On the one hand, there are strong evidences
pointing to a fast ionic transport in lead halide perovskites. An alternative measurement
to the solar cell diode is a planar configuration with lateral contacts that provides
transport distance of hundreds of um. In such system the analysis of the PL by
excitation at 35 mW/cm? under applied bias reveals the formation of a dark front that
advances with time (Figure 2).2* Note that the applied voltage is similar to those at the
maximum power point in working PSC. In addition, it is observed that the material
becomes resistive as the dark front advances, indicating that doping is reduced in the
dark area. Therefore, it is clear that techniques with spatial resolution are required to
unambiguously correlate electrical measurements with electronic/ionic response.



Time (5)
Figure 2. (a-c) Time dependent PL images of a perovskite film CH3NH;Pbl;Cly
measured under an external electric field of ~2x10* V/m interdigitated configuration
with a channel width of ~150 pm. (d) /1> monitored as a function of the time during the
measurement of experiment a). Adapted with permission from reference .

On the other hand, a careful analysis of the timescale of the ionic movement in the
bulk of the perovskite layer highlights that ionic transport towards the interface cannot
be the main reason that is responsible for the slow electrical response observed in PSCs
(i.e. hysteresis). In particular, simultaneous analysis of the measured current during the
previous PL experiment allows the calculation of the diffusion coefficient of the
migrating iodine vacancies.”* A value of D =1 x 1077 cm® s leads to ionic transit
times through a perovskite layer of 100 nm in the order of miliseconds. This ionic
migration timescale has also been confirmed by another spatially resolved technique like
transient Kelvin probe force microscopy (Tr-KPFM).?* Alternatively, j-V measurements
are carried out at scan rates that typically take several seconds. Therefore, it is clear that
activated ionic transport in the bulk of the perovskite layer is only one requirement to
observe hysteresis but not the main reason. Indeed, all evidences point to the chemical
and physical interactions of these migrating ions with the external interfaces as the main
reason for hysteresis observation. For example, a thin layer of PCBM placed on the top
of TiO, is able to completely suppress the measured hysteresis in the j-V response of
devices with activated ion migration in the bulk of the material like MAPbI5.% In the
next section, we will describe the evidence for ionic accumulation at the surface of the
PSC, and later we discuss the methods of observation of the kinetics of the surface
charge.



4. lonic effects at the interface

Under applied bias ions rapidly reach the external interfaces, with formation of an
electrical double layer as it is well known in solid state electrochemistry. The
combination of ionic an electronic phenomena such as space charge, interfacial electron
transfer and ionic reactivity, leads to several possible types of physical and chemical
interactions at the interfaces. There are different time resolved electrical techniques that
can be used to decouple ionic and electronic response such as Impedance Spectroscopy
which has been widely used in PSC. For example, pure ionic contribution with the
classical transmission line for ion migration is observed during the measurements of
MAPDbBr; monocrystals (Fig. 3a). This technique measures the electrical response in the
frequency domain separating resistive and capacitive contributions (or charge
accumulation). A useful method to represent the impedance data is the complex
impedance plot where x-axis (Z’) is related to resistive elements and the y-axis (-Z’’) to
capacitive elements. A resistive element connected in parallel to a capacitor (RC) leads
to an arc in the complex impedance plot. The most common feature in the impedance
spectra of a PSC is the appearance of two arcs as shown in Figure 3b. The data can be
fitted to the equivalent circuit shown. Both resistances R; and R, correspond to losses
from both bulk and interfacial recombination.'® Moreover, both have the same trends as
a function of photovoltage or light intensity, indicating that they have a common origin.
In contrast, the source of capacitances is clearly different. The Capacitance-Frequency
(C-f) plot of the IS data is very useful to understand the capacitive contributions and
correlate the charge accumulation with the characteristic time of the physical process. It
has been established that there are two plateaus indicating well-differentiated
capacitances the C-f plot of PSC, Fig. 3b. The high frequency capacitance Cgq is the
dielectric capacitance,® related to the bulk polarization, and the low frequency
capacitance C, corresponds to surface accumulation processes.?! The fact that Cs
changes when different configurations are used is a strong evidence for the existence of
a surface capacitance. A similar behaviour is observed in perovskite quantum dot
films.”’



10

Highfreq @/ Low freq Reflective

] °
20 / 0y

15 ®

LE R3’3 1]
0 5

0 10 40 50

20 30
Z' (MCY)
=1000 ¢ Power

-8001 . 4

-600 s8 /4

Capacitance (F cm”)
2" (@ em®)

-400 | G——

..“) I - g

w10 w0 10t I,/
Frequency (Hz) . W /

5 & & © 8 © o

w0t w0®

0 200 400 600 800
7 (@em’)

c)

140
120
100
g
= 8
N e
40
20

d)

Figure 3. Summary of equivalent circuits used for the analysis of impedance spectra of
perovskite solar cells with examples of representative spectra for each circuit. Here, we
use the following notation for capacitances: Cyq is the geometrical capacitance, C; is the
low frequency capacitance usually associated with accumulation, C; is the intermediate
frequency capacitance; and for resistances: Rs is the series resistance, R;, R, and R3 are
always ordered from the lowest frequency resistance to the highest, starting from 1. (a)
Transmission line showing impedance of ion diffusion in a finite layer used for ionic
transport quantification in perovskites, highlighted in red. Reproduced with permission
from ?°. (b) Equivalent circuit used for two arcs spectra. Here we show capacitance
spectra depending on light intensity. Reproduced with permission from 2%, (c)
Equivalent circuit used for three arcs spectra and intermediate frequency loops; here,
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resistances appear in series. Reproduced with permission from . (d) Equivalent circuit
used for spectra with two arcs that vary in concordance which have exotic features such
as inductive loops or negative capacitances; here, resistances appear in parallel.
Reproduced with permission from ®. (e) Equivalent circuit obtained from the analysis
of both IS and IMPS data together; here we have resistances in parallel as well as in
series. Reproduced with permission from ™.

The features of low frequency capacitance in metal halide PSC have been broadly
studied and a general characteristic picture has emerged. The fact that ions migrate
across the bulk under voltage bias or light soaking is well known. When ions arrive at
the interfaces, they accumulate there. A main component of the double layer is the
Helmholtz layer, formed by the ions in contact with the electrode surface, which
provides a capacitance of the order of 10 uF cm™ However, there also is a diffuse
double layer, that contains a surface charge®

2eg0kpT . qAe
Qairr = — Smh( ) 3

2kpT

This charge is distributed in the typical distance of a Debye length for the electrode

surface,
1
Lo = (55) " @

In Egs. (3) and (4) the standard symbols have their usual meaning.* Ag is the
potential drop across the double layer, and N is the net underlying ion density in the
bulk.

Zarazua et al.?® 3" ¥ showed by analysis of the evolution of Cs with V. that the
surface capacitance Cs is actually an accumulation capacitance, however, it depends on
the accumulation of both ionic and electronic carriers and is highly dependent of the
specific binding of the perovskite to the contact surface. In this line, direct evidence for
the intimate connection between surface capacitance and hysteresis emerged by
comparing normal and inverted version of PSC as indicated in Fig. 4a.>® The cells with
PCBM electron contact display a much lower low frequency capacitance than those with
TiO, contact. And correspondingly, j-V cycling hysteresis is significantly reduced in the
inverted cell. Further evidence for this strong correlation has been obtained by
measuring dark currents at different scan rates as shown in Fig. 4b and 4c.** By
modification of the device configuration it is possible to suppress the capacitive
contribution of the current. The square-like response is removed in a configuration that
avoids the use of metal oxides based ETL (Figure 4c). This is further confirmation that
the surface capacitance is a composition of ionic and electronic carriers accumulated at
the interface and highly depends on contact interfaces of perovskite/charge extraction
layer.

The raise of capacitance at low frequency has been interpreted in many cases as the
manifestation of bulk traps. However a recent study®® using the analysis of low
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frequency noise has found that the capacitance does not scale with thickness, in
agreement with the previous scaling properties obtained by impedance spectroscopy.®
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Figure 4. a) Capacitance-Frequency plot under one sun illumination at short-circuit
condition (bias voltage = 0 V). The normal and the inverted structures represent cp-
TiO,/MAPDI3/spiro-MeOTAD and  PEDOT:PSS/MAPbI/PCBM,  respectively.
Reproduced with permission from *. b) and c) Dark J-V curves measured at different
scan rates with corresponding structures sketched in the insets. The positive currents are
forward bias direction. Reproduced with permission from **.

Metal oxides based ETLs typically lead to large surface capacitances and hysteresis
as shown above. The impact of TiO, compact layer thickness on the hysteresis behavior
of carbon based HTM-free PSCs was confirmed by Han et al.>” By tuning the thickness
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of spray-deposited TiO, layer over a few nanometers, the hysteresis behavior of the
perovskite was switched from inverted to hysteresis-free and then to normal (Figure 5).
The combined effect of dynamic of charge accumulation and charge recombination are
believed to be responsible for the observed behavior.
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Figure 5. Dependence of hysteresis effect index on (a) c-TiO, layer spray deposition
cycles and (b) scanning rates for hysteresis-normal, hysteresis-free and hysteresis-
inverted devices. Reproduced with permission from *’.

The dependence of capacitance on frequency in organo-metal halide perovskite
shows a range of features as discussed before, but it has been concluded that low
frequency domain is mainly associated with surface capacitance. It is therefore expected
that slow kinetic changes of the surface will provide measurable evolution of the
capacitance value. Garcia-Belmonte and coworkers have been able to identify the
surface depletion layer capacitance and the subsequent Mott-Schottky plot.® However,
they have found that the surface depletion layer capacitance is affected by a large extent
of hysteresis when the applied voltage undergoes a scan cycle (Figure 6). These results
are important as they reveal the electrical response at the proximity of the contact, and
this is a manifestation of surface attached species, i.e., a change of surface charge that
occurs on a much longer scale than the measurement of the capacitances.®

In summary, once the ions complete the accumulation, their responses to the small
perturbation are slow, with characteristic times related to the low frequency capacitance.
In a later section we argue that this surface polarization takes longer to be discharged
than the time it takes for charging, in phenomena connected to surface attachment and
electrochemical surface reaction.



14

(a) Slow sweep (2 mV s™') —+— Fast sweep (25 mV s
- ‘lf)”’E a"’+
Bl o~ et . *
107k ¢4 10:, ¢
T o107
P I 3 ot
- 10 4 - w 'IOTl ....omo,“. .0.‘4. ."._’_’It‘.‘
= E 2 10% o, o 4
S10°F 10 : iy
i . O e e "
—t efF -1.0 -05 0.0 05 1.0 y
O 10°k V(V) :—g'"
F - ..,ob;wm-
107k $4883aens
i A I | L Levaily

-1.5 -10 -05 00 05 10 15

V (V)
(b) .
100 S T
— L Q'-L 4 y 4 :
€ 75F e U
NE B P W, © . "‘*':.‘
L sOF <" YR ob ... Froen
E . 00 02 04 06 08 10
c\EJ 25 ;_ 0.".. . V (V)
() | = T i Bty i
-15 1.0 -05 00 05 10 15

V (V)

Figure 6. (a) Capacitance-voltage curve and (b) respective Mott-Schottky plot of a
CH3NH3Pbls-based PSC with mesoporous TiO, matrix for a larger DC bias window at
different scan rates, as indicated. Inset in (a): the corresponding capacitance absolute
difference between scan directions AC. The inset in (b) is the typical Mott-Schottky plot
region, pointed inside the dashed gray square. Reproduced with permission from *°.

Due to the complexity of the surface phenomena it is important to adopt
complementary measurement techniques that may validate specific assumptions.
Photoluminescence (PL) measurements of more simple configurations containing only
one perovskite/contact interface can also unveil information on the properties of the
perovskite/external contact interfaces. In early work, it was found a large drift of PL
intensity that persists over 20 s.'° Measurements by Lundt et al.”* revealed dramatic
modifications of PL depending on the treatment of the exposed perovskite surface (Fig.
7). Significant PL quenching occurs with the deposition of 1 nm Cg that could be
interpreted by passivation of surface traps. However, a similar effect occurs when using
an amorphous thin organic buffer layer between the perovskite and the Cgo but not when
the thin layer is used without Cgy. Therefore, the PL quenching is attributed to the
formation of space charge, which is associated to electron capture in Cg and
compensating ions in the perovskite side.



15

Perovskite Perovskite/BCP-1.5 nm/Cg-20 nm Perovskite/BCP-7.5 nm/Cq-20 nm

Perovskite/BCP-1.5 nm Perovskite/BCP-1.5 nm Perovskite/BCP-7.5 nm

Figure 7. Time-resolved fluorescence microscopy images of perovskite film with (a)
bare perovskite, (b) 1.5 nm amorphous buffer layer spacer with 20 nm Cg, and (c) 7.5
nm buffer layer spacer with 20 nm Cg. The buffer layer-only coated perovskite film is
provided in each panel for reference. The time scale is 0 s (left), 30 s (middle), and 60 s
(right) for each figure; the brightening of the PL with time stems from space-charge
accumulation that increases radiation recombination rates. The dashed line is used as
guide to the eye to indicate the interface position. The scale bar is 100 um for all
figures. Reproduced with permission from “°.

Recently, the critical effect of ions present at the ETL/perovskite interface has been
highlighted for the wide band gap perovskite based on MAPbBrs.* The ETL was treated
with additives containing Li* to reduce undesired interfacial recombination processes at
the MAPDBI3/TiO; interface. An emission peak at 670 nm (Fig. 8) was identified with
interfacial recombination from the TiO, to the perovskite layer which could be
suppressed by doping the TiO, with a salt containing Li*. It was proposed that the
presence of Li* atoms at the ETL increases the cation density at the hole accumulation
zone, thus increasing the size of the space charge layer. Therefore, the surface density of
electronic holes at the critical zone of the surface of the TiO, layer is reduced, as
indicated by the decrease of charge-transfer radiative recombination observed at 671 nm
and the simultaneous increase in the band-to-band emission of perovskite. Reduced
recombination was confirmed by IS and electroluminescent measurements.
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Figure 8. Photoluminescence measurements focused in both TiO,/perovskite showing
the enhancing of perovskite emission and suppression of the interfacial emission. PL
spectra obtained under continuous wave (CW) excitation (Aexc=380 nm, lexc = 10 mW
cm™) of devices with (black) and without (red) lithium treatment at metal oxide contact.
Inset plot shows the quenching of the second feature when lithium is present at metal
oxide contact. Reproduced with permission from ref. **.

5. Electronic effects at the interface

Although the ionic effects have grabbed the attention in the perovskite community
because of their peculiarity, electronic phenomena remain one of the keys for improving
device performance. While bulk electronic phenomena such as carrier diffusion or bulk
recombination are well established advantages of perovskite materials,* interfacial
phenomena such as traps, surface recombination and charge extraction remain a big
issue to completely achieve high and stable performances.*® Thus, choosing adequate
materials as extraction layers is a crucial issue.

When selecting a material for extracting carriers, energy level alignment provides a
dominant criterion to produce a good selective contact.** ** In the case of perovskites,
this is not an easy question, since the energy level of the perovskite itself is strongly
dependent on the composition (i.e. different halides or cations), surface termination,*®
the surface state charging,*’ and even on the preparation method.*® Actually, perovskite
energy levels may change depending on the substrate on which they are prepared, as
shown by Miller et al. using photoemission spectroscopy.*® In fact, substrates may
change doping densities and may turn the perovskites from n-type to p-type. Both for
ETL and HTL, there are some materials that have been widely used because of their
suitable properties, Figure 9.
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Figure 9. WF, IE, and EA values for various perovskites reported by different groups,
which are prepared either on different underneath layers and/or by different methods.
The listed materials on the bars are the substrates, and the types of perovskite materials
are listed on top. WF and IE are derived from UPS measurement, while EA values are
derived from transport gap or optical bandgap. The star symbols (*) represent that the
work used the same preparation method and the same substrate material but reported in
different literature. Reproduced with permission from .

On the one hand, for the ETL there are two main options, metal oxides (such as TiO»,
SnO; or Zn0) and organic layers (such as Cgo or PCBM). In the case of metal oxides, it
is the TiO, the one that has been more widely used, giving high efficiencies both in
planar and mesoporous layers. However, the TiO,-perovskite interface has given
substantial problems like charge accumulation® and hysteresis.'* Despite a good energy
level alignment, charge extraction problems, surface non-radiative recombination and
charge accumulation, have been found to limit the device performance. Partial solutions
to those problems have been found via TiO, doping with different materials. Liu et al.
reported free hysteresis PSCs by doping TiO, with lithium, reducing the density of
electron traps and increasing conductivity.”® Tan et al. proposed contact passivation by
using chlorine capped TiO, colloidal nanocrystal film, reducing interfacial
recombination.® In general, contact modification of TiO, is needed to suppress
undesired interfacial processes via doping or passivation.>>* ETL-perovskite band
alignment is really sensitive to all the electronic processes that occur in the interface,
and may change the interface capacitance in some orders of magnitude.” Extended
information about the chemical modifications of the contact is provided in section 9.

The hypothesis of surface electronic traps causing hysteresis®® is difficult to
distinguish from an ionic binding or surface polarization and relaxation effects, since
surface capacitances would be high as well in the case of surface electron traps.
However, some changes of ionic species affect strongly the capacitance onset over the
Helmholtz layer, and it seems unlikely to invoke a passivation of traps to explain such
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effect.** The predominance of an electrostatic effect caused by ion distribution has been
explicitly shown using ultrathin buffer layers in PL experiments, as commented in
Figure 7.

On the other hand, two main materials are used for the HTL side generally: Spiro-
OMeTAD and PEDOT:PSS, although there is ongoing research into finding suitable
materials, which are usually organic. As commented before, perovskite energy levels
change with perovskite composition. These changes are significant in the perovskite
valence band, but the conduction band changes are smaller. It is then important to
change HTL characteristics to get good band alignment.®® One of the reasons why
spiro-OMeTAD is widely used is the fact that it allows energy level changes by
oxidation, thus being a versatile option.>” Gelmetti et al. recently analyzed the behaviour
of different organic HTLs with chemical structures similar to those of the spiro-
OMETAD but different energy levels, and demonstrated that the HOMO energy values
differ importantly when depositing on top of the perovskite layer having an impact in
the Vo, which justifies the difficulties in finding an appropriate HTL material.”®
Nevertheless, problems with perovskite-HTL interface also relates to reactivity and
degradation in addition to energy level alignment, and this is discussed further in a later
section.

A classical guestion about PV operation mechanisms is whether the work function
difference between the electron and hole contact materials correlates with the open
circuit voltage. Energy alignment at the contact is important to produce a good selective
contact, but once this is achieved, the local adaptation in the contact region makes Vo
quite independent of the overall built-in voltage. A striking demonstration® is presented
in Figure 10, where cells with widely different work function at the ESL show very
similar PV characteristics, mainly differing in FF.
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Figure 10. (A) Current-voltage (j—V) curves measured under 1 sun illumination and (B)
external quantum efficiency (EQE) of representative perovskite solar cells containing
meso-TiO,, ¢-TiO, and ETL-free architectures. (C) Summary of device parameters
obtained for more than 40 cells measured under AM1.5G sun illumination, room
temperature and air conditions. (D) The open circuit voltage in comparison to the work
function of the different contact layers. Reproduced by permission from *°.

6. Dynamic effects and time constants

In the section 4 we have outlined several phenomena that point to the strong
experimental manifestation of accumulation of ionic and electronic charge in the
contacts of the device. The interface of the perovskite with the contact appears a critical
site controlling these phenomena. In order to classify and understand these interfacial
phenomena it is important to attribute an interpretation to Kinetic constants that describe
the changes of the surface conditions, in the context of a variety of phenomena indicated
in Table 2.

A brief light soaking treatment produces drastic changes in the Open circuit voltage
decay (OCVD) as shown in Figure 11.%° In these experiments the V. of the device is
monitored after light is turned off for different pre-treatment light soaking time (At). The
effect of light seems to be similar to that observed under a voltage bias stimulus. The
OCVD is slow for a device that has not been light soaked previously and as expected for
a solar cell the devices is able to obtain a null Vi in the dark. Alternatively, a device that
has been light soaked shows a fast V. decay but a persistent potential remains in the
device indicating that migrating ions interact with the external contacts to create an
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electrostatic potential. The construction of an additional voltage that persists on a long
time scale is attributed to the partial attachment of cations to the surface during the short
treatment of pre-illumination.

A Light-soaking stage B Dark recovery stage c Comparison between the stages

—— Reference
= Light soaking & min
= = Dark recovery 60 min

Decay rate

Time (s) Time (s) Time (s)

—— Light soaking 10 min
Dark recovery 2 min
—— Dark recovery 4 min
——— Dark recovery § min 064
Dark recovery 8 min :
—— Dark recovery 10 min
—— Dark recovery 30 min 06-
—— Dark recovery 60 min :

—— Refarence |
— Light scaking 2 min
——Light scaking 4 min

- Light seaking & min 0.8 4
—— Light scaking & min ’
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1.0

0.8+
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Figure 11. Top row: Open circuit voltage decay (OCVD) data for a PSC with a
TiO,/CH3NH3Pbl; Cly Interface. (A and B) Changes in the decay rate appear in the
light-soaking stage (A) and slowly revert back during the dark recovery stage (B). (C)
An exemplary comparison of three OCVD measurements that show the two photo-
induced changes in the decay rate and the buildup of an electrostatic potential, Vejec -
Reproduced with permission from .

The energy diagram at the TiO,/perovskite contact at four different stages of
illumination condition shown in Figure 12 indicates a microscopic interpretation of the
changes undergoing at the interface and the associated observation of cell voltage. For
fresh devices measured in the dark, and for light soaking experiments using short times
(At = 1 s) band bending is related to a depletion layer at the perovskite region close to
the TiO,, leading to flat bands at open circuit conditions under illumination. Under light
soaking conditions, migration of positive cations and iodine vacancies is induced,
generating the accumulation regime at the interface. The combination of ionic charge
and hole concentration at the perovskite side of the interface forms an electrostatic
potential as a result of the electric field across the interface. This potential is added to
the built-in potential, and persists for a considerable time when illumination is
suppressed due to ions remaining in the double layer region. The structure of surface
polarization considering a combination of electronic and ionic mobile species can be
established by a proper numerical analysis.” The role of ions in the formation of
accumulation layers needs to be quantified to know the structure of the energy diagrams
across the PSC. A study with different Hole Transport Layers (HTL) shows that a good
alignment not only suppresses the hysteresis, avoiding charge accumulation at the
interfaces, but also degradation of the hole transport layer is reduced.®
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Figure 12. The energy diagram at the TiOy/perovskite contact at four different stages.
(A) In the dark, (B) At a very short illumination time of At = 1 s. (C) At an illumination
time close to 1 min. (D) After a substantial illumination time of At > 1 min. This
potential is added to the built-in potential. Reproduced with permission from .

An electrical model that relates the surface polarization and the electrical response
during the j-V measurements has been developed.®® The scan from forward to reverse
voltage produces a bump in the current due to the slow release of the surface attached
charge. This is described by an equation of the type

av. Vs—(V—=Vpi
d_ts __Y (TT bi) (5)

Here Vyi is the built-in potential across the initial barrier, Vs is a surface voltage
related to the internal surface charge (ions and holes), and t is the relaxation time
associated to the equilibration of the interface to external voltage, which is mainly
regulated by ions Kinetics as already described in relation to open circuit voltage decay
above. A similar approach has been used to account for the observation of impedance
loops in the IS spectra, and it is shown in Fig. 3d.** The simulations with this circuit
generate impedance spectra typical from the PSC, two arcs and accumulation
capacitance Cs, and new exotic features: inductive loops and negative capacitances
which are related to the sluggish ion movement that retards surface polarization
response. This is due to autonomous relaxation of the internal voltage, Eq. (5), that
generates the inductive dynamics. The results of both surface polarization model fitting
of j-V curves and equivalent circuit analysis by model in Fig. 3d show a very good
agreement that establishes 1, in the order of 20 s for measurements of different types of
PSC at room temperature.

It was previously reported that negative capacitance effects are rather sensitive to the
surface conditions,”® and very large inductive effect was obtained in composite
interfaces.?® Recently other works have also stressed the connection of ionic-electronic
accumulation at the surface, and its possible influence on electron transfer and
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recombination rates, in order to explain large capacitance and inductive behaviour.®”®

In the same spirit it was previously suggested that recombination is affected by ions.”
Concerning the complexity of impedance spectroscopy response of perovskite solar
cells, these approaches are focused in the right direction in providing explanations
combining ionic and electronic features, however, the models remain at a fuzzy stage, so
that important physical details cannot yet be verified. One study has provided a
confirmation of negative capacitance®® using older arguments for inductive response in
the time domain.” It is worthwhile to mention that earlier approaches based on charge
collection and modification of built-in electrical field in the bulk appeared to be
abandoned in favor of the predominance of charging and reaction effects at the interface.
Nevertheless, it must be remarked that capacitive features have to be explained in the
frequency domain, as we need models that fit the IS data and produce quantitative
conclusions. Indeed the recognized power of IS consists in the ability to use the spectra
to separate features that cannot be well distinguished in the time domain. Therefore we
need more spectral analysis, rather than less.

The topic of negative capacitance is an important part of the behaviour of many solar
cell devices analyzed in the frequency domain.”® “Negative capacitance” and “inductive
behaviour” are widely accepted synonyms of a type of spectral behaviour, but the main
effect associated to it, not so frequently noted, is that the resistance becomes smaller as
the frequency decreases, causing the famous loops in the impedance spectra. This effect
most often goes in the direction of decreasing the solar cell performance, particularly in
perovskite solar cells,” and needs to be explained even on practical grounds.

However, this research topic is plagued by a basic problem. It is relatively easy to
make some models that produce negative capacitance. There are some basic resources,
that basically consist to introduce a cross-dependence in any regular electrochemical or
semiconductor device model.”* ™ To implement the method you make a rate constant
depend on voltage, or you make one element in a circuit depend on the current
elsewhere (there are endless possible variations), and in the small perturbation model
you obtain a dephasing of ac current and voltage in which the model cannot be
described by regular capacitors and resistors. In fact in such a model “capacitance” (as
defined from the imaginary part of impedance Z) can become very large, or negative,
resistance decreases at low frequency, and several things can happen, while causality
holds. The reason is that such tricks, that represent very real phenomena in far from
equilibrium situations, abandon the central diktat of detailed balance: the rule that the
transition rates in nonequilibrium should be the same as those of equilibrium.”® The
cross-correlations introduced in the physical model violate this rule, thus
thermodynamic quantities as the capacitance lose their ordinary meaning in the out-of —
equilibrium situation. This is one reason why it is so easy to find “explanations” of the
negative capacitance, and at the same time it is rather demanding to demonstrate
experimentally a given coupling mechanism in such complex systems.

One promising approach is to combine different frequency modulated methods as IS
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and IMPS, as these should give complementary spectral information that may reveal
specific mechanisms.”” For normal models obeying detailed balance, it was shown by
Bertoluzzi and Bisquert that all these methods reduce to a common model that describes
the different spectral responses.” In principle it appears that one method only should
confirm the result of the other. However, a recent study by Ravishankar et al.”® reveals
an interesting outcome of this approach, see Fig. 3e. It was shown that the spectral
coupling of resistances and capacitances is rather different in the separate IS and IMPS
spectra. Therefore, IMPS can reveal three physical processes in cases where IS only
shows two, due to the overlap of the effects of the separate contacts. This route will
enable to obtain further information about the meaning of the low frequency resistances,
in combination with complementary techniques.®

Nevertheless, the previous characterization methods suffer from the limitation that all
the information is obtained from the physical measurement at the external contacts,
without real internal spatial resolution. Thus it is important to adopt complementary
methods. One important study by Weber and coworkers® of the distribution of charge
carriers by Kelvin Probe Force Microscopy (KPFM) provided a direct demonstration of
the strong ionic-electronic accumulation at the perovskite/TiO, contact, so that this is a
fact that cannot be denied anymore. This was followed by detailed time transient study
indicated in Figure 13.2* They measured the time scale that is needed for charge
redistribution of PSCs under operational condition and have found that the formation of
localized interfacial charge occurred in a short time of 10 ms under illumination.
However, after the light is switched off, the interfacial charge can stay over 500 ms
which creates a slow response of photocurrent transient. A further detailed analysis of
the contribution of ions and electronic charge shows that the weight of slow mobile ions
on j-V hysteresis is quite small. Instead, the hysteresis is mainly caused by formation
and desorption of interfacial charges.?* Another important result of this paper is the
explanation of a potential gradient related to electrical field as shown in Fig. 13b. Weber
et al. showed that such potential distribution corresponds gquantitatively to the tail of the
double layer, as commented in Eq. (3), extended into the bulk due to a Debye length in
the order of 200 nm, corresponding to background charge density of 10" cm™, in
excellent agreement with previous results of transient charging current.” The potential
distribution along the bulk is an equilibrium feature, and the dominant kinetics is that of
charging the interface.
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Figure 13. Time resolved KPFM results with pulsed illumination. (a) ACPD map 2.5 ms
after the switching, where a strong potential gradient is present inside the perovskite. (b)
Averaged ACPD sections from the rectangular area marked in a. (c) Map of ACPD
measured 6 ms after switching off the voltage. The interfaces of the perovskite layer are
marked with dotted lines. (d) Averaged section graphs obtained from the region
indicated by the red box in (c) at different times after the switching. Adapted with
permission from %,

It should be mentioned that the very strong, well-recognized transient current
associated to surface charging can affect the interpretation of galvanostatic techniques to
separate ionic and electronic current contributions in planar samples with lateral
contacts. This is why it is recommended to check the size of capacitances and to
measure resistance instead of current in order to avoid gross misinterpretation, as
remarked by Zhao et al.®" &2

Abate and coworkers have analyzed the long time behavior of the PSC under cycles
of dark and illuminated state (Figure 14). In consonance with the evidence discussed
above there is a transient behaviour that occurs between 10 and 10? s that is associated
to halide migration and accumulation at the electrode surface. In addition a much longer
timescale phenomenon in the magnitude of 10% s is attributed to cation migration that
eventually leads to contact degradation. This result shows an extreme case in which
slow migration does become important to control the kinetics of the PSC, in the case of
the MA" cation redistribution,® as indicated in Table 2.
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Figure 14. Maximum power output tracking for 3 identically prepared perovskite solar
cells (device A, B and C) measured under UV-filtered 1 Sun equivalent light. Devices
were continuously kept at the maximum power point using the standard “perturb and
observe” method. Devices A and B were continuously tracked for over 100 hours.
Device C was cyclically tracked 4 times for 5 hours and it was left in the dark at open
circuit in between the consecutive measurements. Experimental data were fitted to an
exponential decay (single or double). Reproduced with permission from .

In summary, there is a large component of capacitive current often observed but
additional kinetic phenomena actuate at the same time and they need to be characterized.
These additional phenomena have been described in the very low frequency domain (<1
Hz). We believe it is mandatory to obtain a full understanding of these effects even for
technological reason. In fact, many claims of “suppressed hysteresis” may denote a
successful slowing down of these effects to long times that are imperceptible in the
typical range of laboratory measurement, but will nevertheless occur at real operation
and practical times as in the example of Fig. 14.

Here we suggest that frequent observation of slow phenomena (<1 Hz) may be
interpreted in many cases, beyond the charging-capacitive contribution, as the chemical
interactions of ions in the perovskite that introduces a weak bond with the material at the
contact, as suggested by Raman analysis in MAPbIs-TiO, samples.®* These detailed
chemical interactions at interfaces are shown later in Section 9 on the perovskite/contact
interface. Generally speaking the chemical interactions are material dependent and they
lead to an additional delay on the time to release the ions being more costly than the
surface polarization to build-up. In consequence, the surface polarization process
introduces not just capacitive element but also a resistance, and both may be directly
related not just by the charging of the double layer but also by surface
absorption/reaction process. In this regard, it has been shown the remarkable result that
the time constant in the range of 1 s is independent of illumination intensity and slightly
dependent on cell thickness as shown in Fig. 15, and hence it is barely affected by the
bulk electron concentrations. In order to explain these results, we need to adopt a more
general point on view that embraces the dynamic phenomena observed both, in solar
cells ca. 100 nm thick, and in much larger samples over 100 um as described in the
pioneering study by Almora, Guerrero and Garcia-Belmonte.?
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Figure 15. Response time calculated from the RC product for the low-frequency arc
(solid line) and high-frequency arc (dashed line), respectively. (a) Short-circuit and (b)
open-circuit conditions for MAPbI;-based planar solar cells and (c) short-circuit and (d)
open-circuit conditions for FAPbI;_x Clx-based planar solar cells. Reproduced with
permission from %,

The kinetic process that is characterized in the results of Fig. 15, is clearly related to
the slow time constant in the 1 s domain that has been associated to a predominantly
surface process related to ionic interaction with the surface. Nevertheless, the process
presents a mixture of interfacial and bulk characteristics. This indicates that charging the
double layer involves a transport for ions. Therefore the framework of separate time
constants for transport and surface complexation suggested in Table 2 needs to be
extended. Garcia-Belmonte et al. suggested® that the ion charging dynamics is
composed of an average time for bulk transport in the thickness d and double layer
charging as follows

Lpd
Tchar = % (6)

This approach is well established for liquid electrolytes and colloids.* In the case
that L, ~ 200 nm, for a distance d =~ 400 nm the 7., in Eq. (6) does not differ
significantly from bulk diffusion as calculated in Table 2. However, Eq. (6) introduces a
thickness-dependence in the time constant, as indicated by the solid line in Fig. 16, in
agreement with the variations of time constant noted in Fig. 15. When the layer becomes
much larger in the range of tens of um, the effective time constants take values that
cannot be explained by bulk diffusion while the dependence in Eq. (6) is in accord with



27

transient current results. > When we include the experimental results of Fig. 15 in the
graph of Fig. 16, it is obvious that the experimental time constants become much larger
than expected by simple double layer charging by diffusion as Eq. (6). This leads us to
the previous conclusion that 7., time is not explained simply by electrostatics and
diffusion. The slow time constant contains these features but in addition, a significant
component of surface binding, related to ionic relaxation suggested in Eg. (5), slows
down the system, sets the value in the 1 s and longer domain, and eventually produces
out-of-phase components leading to inductive behaviour in the frequency domain and a
resistance that decreases at low frequency.
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Figure 16. Representation of the ionic charging time for diffusion coefficient D =1 X
1078 cm? s and Debye length L, = 200 nm as a function of layer thickness. The
points correspond to the data of Fig. 15 for MAPDI; (red) and FAPbI3_ Clx (blue).

Summarizing, we can provide a general perspective of kinetic studies discussed so far
in PSCs, based on Fig. 3. Several general circuits have been provided, in most cases
there are two basic processes, as in model b, at low and high frequency, which have
been normally interpreted in terms of a bulk dielectric capacitance coupled with some
resistance and a slow low frequency process fundamentally related to the interface.
Nevertheless, some times by special experimental procedures three neat processes have
been revealed, as in model ¢ and e, which we believe correspond to a decoupling of the
separate contacts. In addition it is often observed that the different resistances show
correlated variations.

The low frequency process shows in many cases a constant kinetic time, as shown in
Fig. 15, independent on current and voltage. Since the constant is a product RC, it
occurs that the low frequency capacitance and resistance are correlated, which is very
frequent in trapping models, and in silicon recombination, for example, in which the
reciprocal dependence gives a fairly constant t. However, the additional complexity in
the PSC is that the low frequency features have combined properties of electronic and
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ionic processes, then one can assume that capacitance is proportional to carrier densities
Cs; «< nc while for the resistance, which is inversely proportional to current, one has
R; « j~1 o (nc)~t . However, the specific coupling is rather uncertain, and complicates
the understanding of the voltage distribution in PSC (from the separation of Fermi levels
at the contacts). This is reflected by the uncertainty of models between series and
parallel connection that becomes apparent when we combine the main models in Fig. 3.
This limitation of the present understanding may be due to additional complexity that is
starting to be revealed, as better and more robust samples become widely available, in
comparison with early studies, were many random effects were introduced by the
experimental itself. For example the hypothesis of a charging process along the bulk is
well described in Eq. (6), but such process should correspond to a more complicated
bulk diffusion with the kinetics indicated in model a of Fig. 3. Models for two or more
carriers are not simply composed of series and parallel, so that circuits with two parallel
lines, or with lumped elements are oversimplifications. Clearly there is a lot of room for
careful experimental analysis and interpretation before a more complete picture can be
established.

7. Mechanistic of Charging and Discharging of the Interfaces

There has been intensive efforts to use simulation techniques to predict the properties
of the complete device stack as it is widely accepted that surface defects are a source of
charge carrier trapping and will affect the extraction properties in photovoltaic
devices.2® Comprehensive reviews are available in the literature and detailed analysis
is beyond the scope of this work.%® From the atomistic point of view the different
kinetics for charging and discharging are difficult to predict due to the large number of
variables to take into account at the interface. Using the 3D periodic boundary
condition, the surfaces can be modelled by a slab of a supercell, which consists of
atomic layers and a vacuum layer. The interface of the perovskite with the contact is
very rich as there can be different terminations; see for example three possible
terminations in Figure 17a. To these terminations the twelve intrinsic point defects
(vacancies, interstitials and the antisites) present in the bulk of the perovskite would also
need to be taken into account at the interface.”® For example, intrinsic point defect such
as vacancies (Vi, Vma, Vpp), interstitials (l;, Pb;) and antisites (Pbl, POMA) were
identified to be formed on each terminated surface, and their formation energies have
been calculated for I-rich, moderate and Pb-rich conditions.®* In addition, analysis of the
different crystallization indices also leads to different results. Therefore, predicting the
actual chemical reactions taking place at the interface is a very difficult task.



29

Flat Vacant

4 s ‘3@ %‘*

W Ve W W W

FAY XY Y Y Y
LARLTLILIAL,

1<2(0.37 eV) 2<1(0.03 eV)

Figure 17. a) Examples of perovskite termination. Reproduced with permission from **.
b) Location of V, and Vua in the ground state, VB edge localized on the perovskite and
c) in the charge separated state in which one electron has been promoted from the
perovskite to the TiO,. Reproduced with permission from %.

De Angelis et al. have intensively studied the TiO,/MAPbI; interfaces using SOC-
DFT calculations.”® * It was revealed that by interactions of the perovskite with TiO,
the interface adopts and electronic structure with strong coupling between the Ti 3d and
Pb 6p conduction band states and upshifts the TiO, conduction band energy.*® Defects at
the interfaces (vacancies V, and Vua) were studied under working conditions and it was
shown that vacancies V; diffuse towards the HTL and Vua towards the ETL side.”?
When compared with the non-defective interface, the outermost valence band states of
the perovskite interfere with the band gap of the TiO,, while the conduction band states
are found inside the conduction states of the oxide. Overall, it was shown that defects at
interfaces modify the band alignment, cause the bending of the perovskite bands close to
the TiO, surface, and create the trap states.”

Due to the complexity of the system, the precise species formed at the interfaces
during charging and discharging are difficult to predict. However, interfacial defects and
migrating ions piling up at the contacts will lead to measurable double layer
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capacitances, Helmholtz and diffuse layer. The sign and magnitude of the applied bias
will modify the capacitance with time due to ion migration and to the chemical
reactivity of migrating ions with the external contacts as it will be discussed below.®!
Figure 18 shows a simplistic view that highlights the direction of migration for only one
ion as detected by capacitive current measurements in the dark. Due to the rich
chemistry of iodine and to the presence of oxidative conditions once ions reach the
external contacts these can react with the contact material, as described below, further
modifying the capacitance. The kinetics of this type of reactions will be lower than that
of ion migration since the availability of ions will be a requirement for the chemical
reaction to take place. Therefore, chemical reactivity will be observed at long scale
times (Figure 1) and low frequencies during impedance measurements.

a) Positive bias b) voltage=0V c) Negative bias

Ti

Tio,

Figure 18. Diagrams representing iodide migration and chemical species present at the
interfaces that lead to a modification in the capacitance. a) At positive bias iodine ions
are forced to migrate towards the hole selective contact where the chemical reaction
with spiro-OMeTAD" occurs. lodine defective layer is formed at the TiO,/MAPDI3
interface. b) At zero bias neutral case appears. ¢) At negative bias spiro-OMeTAD only
partially returns to its oxidized, conductive state. lodine ions accumulate at the TiO,.
Reproduced with permission from .

8. Ferroelectric effects

There have been over the years different speculations on the influence of a
ferroelectric property on PV behaviour of perovskite solar cells. Obtaining a permanent,
switchable polarization in electrical insulators is relatively easy to determine by
electrical methods. However, in the case of a metal halide perovskite semiconductor
with contacts (necessary for PV application), there are intrinsic leakage currents and an
ionic polarization component so that the true polar domain orientation is rather
challenging to confirm.** * Recently the observation of ferroelectric polarization in the
metal halide perovskites has been reported by different methods.®*® However, it is
rather unclear that such property has any significance for PV properties. The use of
ferroelectric materials in solar energy conversion has been reviewed elsewhere.*® The
application of an electrically polarized material as a solar cell aims to take benefit from
charge separation by the electrical field. Most of the materials reported in the literature
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are wide bandgap extreme insulators,* they provide tiny photocurrent, the polarization
is always affected by a depolarising field, and the PV mechanism is rather uncertain in
most cases: since electrical contacts normally shield the internal field, most observed
characteristics are believed to be associated to contact properties. For example migration
of defects can modify contact Schottky barriers by poling and produce a switchable
characteristic of the photocurrent.®® X In addition, charge separation is not a real issue
in the metal halide perovskites that enjoy excellent semiconductor properties. Therefore
the role of ferroelectric in PV behaviour should be rather minor.

Another potentially useful pathway to exploit the ferroelectric property is to build
active thin switchable layers that improve the operation of contacts, or facilitates some
type of memory device. In principle one can change the built-in voltage according to the
state of the surface ferroelectric layer.'® However, for low conductivity or depletion in
the semiconductor the surface charge in the thin ferroelectric layer cannot be cancelled
at the active material side. This situation leads to a large uncompensated field in the
ferroelectric layer that will remove the polarization charge.'® Recently this approach
was realized for obtaining switchable response in perovskite solar cells,*® but issues of
charge compensation and ionic polarization make the interpretation of results rather
difficult.

9. Perovskite/Contact interface: Chemical, structural and energetic
properties

So far we have focused on the physical implications of ionic migration on material
and device performance. In the following part, we consider the main types of chemical
interactions at the perovskite/contact interface. Specifically we cover some
morphological and chemical aspects that relate to kinetic charge distribution and thus
require some attention to design a PSC stack with increased stability and without
hysteresis.

It is well known that the property of interfaces is a dominant aspect of electronic
devices such as solar cells. Therefore, lots of efforts have been devoted to develop the
contacts in order to obtain high quality interfaces with desirable properties for high
performance devices. The variety of contacts used as ETL and HTL in PSCs is almost
endless and several recent reviews cover these aspects in detail.*® In general, ETLs
include metal oxides (i.e. TiO,, SnO;, or ZnO) or organic molecules (i.e. fullerenes).
Similarly, materials used as HTLs also embrace metal oxides (i.e. NiOy), CuSCN, Cul
and organic compounds such as Spiro-OMeTAD, PEDOT:PSS or conductive carbon.”
195 \We anticipate that chemically robust contacts are required to stand the highly
reactive perovskite interface enabling efficient extraction of carriers. In general,
electron/holes accumulation at the interface in the presence of migrating ions may lead
to their degradation.
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Morphology of contacts

Apart from all the chemical interactions the roughness of FTO substrate can also
affect the hysteresis of PSCs as reported by Cojocaru et al.'®® Compared to the FTO
with higher roughness, better device efficiency and relatively smaller hysteresis was
obtained with the FTO with a flat surface. Because of the different roughness of FTO
contact, the effect of surface treatment by TiCl, solution differs significantly, where
TiCl, treatment showed effectiveness in a rough FTO surface compared to flat one. This
is ascribed to the different surface contact degree with the perovskite as the flat FTO
surface has better contact with the perovskite which ultimately leads to homogeneous
accumulation of carriers at the interfaces.’® Nanometer-scale in-situ current-voltage
measurement used to detect the current flow at the interface of TiO,/perovskite showed
a tunneling current at TiO,/perovskite interface when TiO, with rough surface was used,
while such leak current was not observed with the TiO, with a smooth surface (Figure
19). The tunneling current was believed to be caused by the local-heavy doping due to
electrostatic dipole at a rough TiO,/perovskite interface, which triggers a chain reaction
of charge accumulation and in turn causing a more severe hysteresis in the j-V plot.*’

'F--wﬁ‘.;’ ...“M—Eﬁ
Figure 19. EBIC results showing the electron density map at apexes (black A), valleys
(white V) and the flat interface (blue) F on a cross-sectional SEM image of a PSC.

Reproduced with permission from %’

Metal/perovskite contacts

There are several metals that have been used as the current collector layer in the
device configuration such as Ca, Al, Ag, Au or Cr (Figure 20).'* These contacts formed
between metal and perovskite provide simple devices for mechanistic study. Perovskites
have proved to oxidize the metals generating their corresponding halides (i.e. Cal,, All;
or Agl). For example, oxidation of Ag to form Agl has been widely studied by a range
of techniques like XRD or XPS.1%°
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Figure 20. Current density-voltage curves of devices fabricated with different metal
contacts measured at 1 sun light illumination. a) Metals providing S-shape curves after
degradation b) Contact containing Cr,O,/Cr does not show S-shape after degradation.
Degraded devices are shown as broken lines. Reproduced with permission from %,

A mechanism as that shown in Figure 21 has been proposed in the presence of
ambient water in which water reacts with the perovskite layer leading to formation of
Pbl, and subsequent iodine migration and surface diffusion form Agl. Even noble
metals such as Au also lead to corrosion at the interface level under oxidative stress.™*
When used as a current collector with a buffer layer (i.e. Perovskite/ETL/Metal) a small
area or pinhole not covered by the buffer layer is sufficient to lead to corrosion of the
metal. In addition, due to the soft nature of the perovskite, metal diffusion through the
perovskite has also been observed by analytical techniques like TOF-SIMMS.*
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Step 4

Surface diffusion
of iodine-containing compound

Degrades to Pbl, and MAI

Step 3
Migration of iodine-containing compound

Figure 21. a) Proposed Agl formation mechanism in the presence of ambient water.

Reproduced with permission from %

A thin buffer layer of chromium (Cr/Cr,03) has proved to be very useful for stopping
corrosion of the current collector.** % Tisdale et al. investigated the contact formed by
MAPbDBTr; single crystals and metal Cr or Au. They have found that the contact between
the perovskite/Cr is ohmic while when using Au to replace Cr, the contact property is
switched to non-ohmic. Because of the different contact property, the perovskite/Cr
showed a higher interfacial charge transfer resistance (Re) of 1.79 x 10° Q compared to
perovskite/Au (R = 1.32 x 10" Q).**® This is in contrast to the general understanding
that the contact between the perovskite and Au is Ohmic.*** Clearly more work is
needed to understand the contact property of perovskite/contact for current collector
materials such as metal, carbon etc, which is particularly important of HTL-free PSCs.
Since Cr is very stable in the presence of iodine, it thus could be a promising electrical
contact for PSCs to be considered in the future. The study on MAPDbBr3 single crystal in
direct contact with ITO (or TiO;) and Au based electrical contact (device structure:
ITO/perovskite/Au or FTO/TiO,/perovskite/Au) shows that, compared to TiO, based
ETL, the ITO based PSC showed even higher Js. (7.4 mA/cm? vs 7.0 mA/cm?), but
smaller Vo (1.25 V vs 1.36 V) and FF (0.59 vs 0.69) in the reverse scan. In the forward
scan, the ITO based device showed much poorer performance, leading to a very large
hysteresis compared to the TiO, counterpart. The poor charge extraction at the interface
of ITO/perovskite was blamed for this phenomenon.
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ETL/perovskite interface and reactivity

TiO; is one of the most widely used electron transport material in PSCs, and some of
its modification were already commented in section 5. Research has shown that TiO; is
actually not an ideal ETL material in terms of energetic level matching the adjacent
perovskite and stability under UV-light. Mesoporous TiO, was reported to have higher
conduction band edge (Ecp) relative to that of perovskite MAPDIs, causing inefficient
interfacial charge injection. The periodic table has been scrutinized with several types of
dopants for the TiO, layer. The general aim has been to improve the conductivity whilst
not modifying greatly the band edges of TiO,. The overall effect has been to improve
the extraction properties of the contact and reduce recombination pathways. For
example, TiO, has been doped with a wide variety of ions such as Li,*** Ru,**® Fe,**
CO,118 Y’119 Cd,lzo I_61'121 Sm, 122 Nb, 123 Er, 124 Ta’lzs Pt,m Zn,127 Ga,lzs’ In,129 or Snl?’o.
Doping TiO, with alkaline cation such as lithium has been reported to improve its
electronic properties such as reduced trap density, thus enhancing the dynamics of
interfacial charge transfer.**! Similarly, introduction of potassium cations (K*) into the
perovskite film has also demonstrated as an effective way to eliminate j-V hysteresis of
PSCs. The location of K* in the perovskite crystal lattice is still under debate, but
concrete experimental results show the conduction band edge of perovskite is shifted
downward, leading to a more favourable energy alignment with SnO, for charge
transfer.*? Surface treatment of TiO, film with fluorine (CF,)-based plasma was found
to enhance the interface adhesion between the perovskite and the TiO,."** The fluorine
doped TiO, was also found to offer a more favourable energy alignment with adjacent
perovskite material. Consequently, a dramatic improved device efficiency and reduced
hysteresis in the j-V plot was achieved.

The metal oxide SnO; has lower conduction band and larger band gap (3.5-3.6 eV)
than TiO,, therefore it is normally considered that the charge transfer at SnO,/perovskite
is more efficient compared to TiO,/perovskite. The pioneering work of Correa-Baena et
al.’® demonstrated the excellent properties of SnO, for planar contacts in PSC, in
comparison to planar TiO,, hence tin oxide has henceforth become a popular ETL in the
planar cells. The subsequent study by impedance spectroscopy of the same cells®
revealed enormous difference of dynamic properties and marked the standard models for
IS in the literature, which is presented here in Fig. 3c. The material properties of the
interface of SnO, with halide perovskites, were characterized by Riedl, Olthof and
coworkers,* who showed the spontaneous formation of a Pbl, interfacial layer. An
ETL based on a bilayer of compact crystalline-TiO,/amorphous-SnO, was reported to
enhance the charge extraction of PSCs and reducing hysteresis at the same time as a
result  of improved interface band alignment  with  triple  cation
(CS0.0sMAg 15FAg g5Pb(lo g5 Bro 15)s. ™

The chemistry at the interfaces of PSC is responsible for many of the phenomena
observed in the device. Limited research has indicated chemical reactions occurring at
the interface of TiO,/perovskite and perovskite/HTL. Raman spectrum of symmetrical
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cell of FTO/TiOy/perovskite/TiO,/FTO has confirmed the formation of Ti-I-Pb bonds,
which are able to accommodate accumulated charge, leading to capacitive current.3* The
highly reversible current-voltage plot indicate the process associated with charge storage
of Ti-1-Pb is reversible. Generation of this type of chemical bonds is compatible with
reactivity with Ti** defects present in the TiO, layer (Figure 22). Prevalent Ti*" defects
are present in TiO, in the tail of the conduction band and these defects are known to
control the electronic response of some PV devices.®” The dynamic response of the
interface under light soaking experiments in organic PV clearly highlights that these
defects are highly reactive and can interact with molecular oxygen. %% %

CONDUCTION BAND
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Figure 22. Schematic representation of the defect energy levels in the band gap of bulk
anatase TiO: as derived from B3LYP calculations for the following Tis- species: (1) 6-
fold-coordinated Ties+; (2) Ties:-OH species; (3) Tiss+ Species associated with oxygen
vacancies; and (4) interstitial Tiss.species. Reproduced with permission from **’,

The reversible chemical reactions at TiO,/perovskite interfaces has also been
proposed based on indirect evidence of reversible response showing chemical
adsorption/desorption TiO,/iodine gas and MAPbIs/iodine gas which occurs in the time
scale of seconds to minutes.'* If the same reaction applies to the TiOx/perovskite solid-
solid interface, the proposed reversible reaction are:

) - - - 0
€ (rio2) T lads (MaPbIz) < ads(rioz) + € (MaPbIz) T trap” (vAPbI3)

These charge transfer reactions explain the large reversible capacitance observed with
PSCs. Clearly the different surface defect property of TiO, can affect its reaction with I’
of MAPDI3, thus the device performance and hysteresis. Therefore, apart from
increasing the conductivity of the ETL other aspects like avoiding the reactivity of
migrating ions with defects are required in order to control the j-V response and



37

stability.

Different methods have been reported to passivate the surface defects of TiO, by
using small molecules such as PCBA, PCBM and Cgo.*** The surface modifier did not
lead to change of morphology, crystallinity and bulk defect density of the perovskite
layer that were deposited above the TiO, layer coated with the modifier. However, a
more efficient charge extraction and recombination dynamics were observed at the
interface of perovskite/ TiO,-Cgy compared to bare TiO,, leading to much better
performance and reduced hysteresis. An attempt to eliminate the current-voltage
hysteresis of PSCs through tuning the interfacial chemical composition of
perovskite/ETL by using a self-assembled monolayer (SAM) was also reported.’*? It
was found that the PSCs had a thin layer of several-angstrom thick MAI-rich (Pb-poor)
interface between the perovskite and the metal oxide, which caused formation of large
capacitance and thus j-V hysteresis. By applying a self-assembled monolayer consisting
of 6-octyl phosphonic acid (C6-PA)—Cgo-C6-PA mixture above TiO, based ETL, the
interfacial composition is switched from Pb-poor to Pb-rich while the property of the
perovskite bulk was not affected. The chemical reactivity with TiO; is avoided in the
SAM modified PSCs. This is explained by the capability of Pb-rich interface for
compensating the ionic accumulated charge, therefore suppressing net charge at the
interface and the capacitance, leading to elimination of the j-V hysteresis.

The important influence of interfacial chemical interaction on both performance and
hysteresis of PSCs is also shown by Zou et al.**® Using a series of SAM containing
different functional group, they have found the chemical interaction between the SAM
with perovskite dominates the device performance instead of energy position.***
Polymer fullerene film (PMMA-PCBM) was found to effectively passivate defects at or
near to the perovskite/TiO, interface, thus dramatically suppressing interfacial
recombination. The interfacial passivation layer not only enhanced the V. of the cell up
to 80 mV, but also removed the j-V hysteresis.!*®> Patel et al. have found that the
different interface contacts can affect the morphology of perovskite layers, which in turn
affected the device performance and hysteresis. The study of vapor-deposited MAPDI3
on four different ETL contact layers including compact TiO,, Cso, compact TiO,/PCBM
and poly-TPD showed regions of amorphous MAPDI; close to the TiO, layer, which was
attributed to the lattice mismatch between them. The amorphous MAPDI; at the interface
led to poor charge collection and severe charge recombination, thus device hysteresis
occurs via electrical capacitive effect.**® This finding tells us the morphology change of
perovskite in the presence of different contact should not be ignored when studying the
hysteresis of PSCs.

Besides surface passivation, the interface property of ETL/perovskite can also be
modified by tailoring the composition of the ETL. A recent work has shown that the j-V
hysteresis of PSCs using SnO, as ETL could be related with density of oxygen
vacancies in SnOy film. By increasing the density of oxygen vacancy of SnO, thin film
made by sputtering deposition through increasing annealing temperature, the efficiency
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of PSCs was improved owing to significant enhanced V... At the same time, the j-V
hysteresis was substantially reduced.™*” Inorganic salt such as KCI was used to passivate
the interface defects of SnO,, which leads to a fast photocurrent response and an
elongated lifetime. As a result, the efficiency of the device was enhanced while the
hysteresis was suppressed.'*®

HTL/perovskite interface and reactivity

Similar to the ETL, the kinetics in the reactivity at the HTL/perovskite interface can
determine the electrical response and stability of the device.’® Nanoporous carbon
electrodes developed by Han and coworkers is one of the most successful HTLs with the
first report to show promising device stability exceeding 1000 h under full sun
illumination.*® The results indicated that the HTL material was compatible with the
oxidative conditions generated in the perovskite layer and interface. In this process a
stack containing mesoporous layers of different materials is filled with the perovskite
precursor solution. Once the solvent is evaporated the perovskite forms inside the pores,
whilst the interfacial chemistry will depend very much on the preparation method of the
carbon ink. Hysteresis has been suppressed by controlling the thickness of the TiO;
underlayer. It indicates that the carbon must have a small concentration of functional
groups which can chemically interact with the migrating ions.*’

Alternatively, if an organic HTL is deposited by solution processes on the top of the
perovskite a thick layer of hundreds of nanometers will be required to avoid the
exposure of the perovskite to the metal based current collector electrode. Due to the
relatively low conductivity of the organic HTLs the use of additives is usually needed,
which, however, give rise to some issues. On the one hand, lithium derivatives are used
to stabilize oxidized species generated during light soaking of the Spiro-OMeTAD
which increases the conductivity.**® **° On the other hand, bases like tert-butyl pyridine
(tBP) an additive is usually used in Spiro-OMeTAD to tune the electronic properties of
the layer. Unfortunately, both type of additives will interact with perovskite with Li*
being able to migrate through the perovskite and the basic pyridine will coordinate to the
lead atom of the perovskite.?*>! For example, using time of flight secondary-ion mass
spectroscopy (TOF-SIMS), a technique able to probe the chemical reactions at interfaces
of PSCs, phase segregation and migration of extrinsic small cations like Li* was
confirmed.’* A gradient of A-site inorganic cations is observed in the perovskite film
where it is rich at the back contact.”> Meanwhile, degradation of perovskite due to the
impact of tBP have been reported in literature.™ It is believed the perovskite can react
with tBP, resulting in formation of Pbl,-tBP intermediate and MAI product.

Very importantly, migrating ions in the perovskite layer will be able to react or
diffuse into the HTL, leading to different responses. For example, the oxidized form of
the widely used organic hole transport molecule Spiro-OMeTAD will lead to formation
of the neutral iodine derivative Spiro-OMeTAD-1.%* Of course, other side products will
be generated which could in turn have their own impact. The reaction would be
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irreversible, therefore causing permanent change/damage to the device performance
including efficiency and stability.

Spiro-OMeTAD" + " — Spiro-OMeTAD-

Stabilization of the cation leads to devices with increased stability in comparison
with Spiro-OMeTAD as shown by Schloemer et al."*> However, degradation is still
severe under operation conditions. To avoid this type of reactivity, dopant-free HTLs
have been designed by different groups. Brabec et al. have designed some conjugated
polymers and have shown that the PDCBT derivative is a successful candidate able to
stand oxidative conditions generated by 1715 (Figure 25).%% 1>

In addition, the use of metal oxides between the organic HTL and the current
collector have been adopted with the aim to act as a physical barrier to stop ambient
water diffusing into the device and the migration of iodine to the current collector.*® **
With this purpose MoOx and Ta-WOXx have been used successfully. Reactivity of iodine
with the current collector is reduced by having this additional layer as can be observed
in Figure 23 and the stability in ambient conditions is enhanced.™’ However, an organic
layer is needed at the interface between the perovskite and the metal oxide as otherwise
there is a chemical reaction that form MoO, that reduces the ability of the system to
extract charge.*®
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Figure 23. a) Optical images of devices containing different current collectors after 24 h
of constant operation in ambient. b) Normalized PCE of similarly fabricated cells
measured in three different RH conditions. All of the devices had the same electrode

configuration of 15 nm of MoOx/200 nm of Al. Reproduced with permission from *.

By careful alignment of conduction band of the perovskite and the HOMO level of
the hole extraction layer, charge accumulation at the interfaces is avoided, thus reducing
hysteresis and increasing the stability of the whole stack dramatically.® In the design of
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the HTL it is important to tune the energy levels to stand towards oxidizing agents like
I, that can be generated in situ by the migrating iodide ions and a high presence of holes.
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Figure 24. a) Device configuration where the HTL is the only parameter that has been
modified. b) Chemical structure of different HTLs. c-e) j-V curves of PSCs with
different HTLs. Reproduced with permission from *°.

Identification of chemical reactions in complete PSCs during lifetime

Perovskite solar cells are notorious for their unsatisfactory stability due to ease of
degradation in the presence of water, oxygen, UV-light, external electrical bias, high
temperature etc.™™ In this final section, we would like to highlight that during the
lifetime of the PSCs several physical process and chemical reactions will be occurring
simultaneously, each at their own timescale. Therefore, direct detection of the reaction
product is a big challenge in practice and advanced analytical techniques are required to
envisage the whole picture of the degradation processes. One representative example is
provided by Sultana et al. who investigated degradation at the interface level in ambient
with the design configuration 1TO/ZnO/MAPbI3/Spiro-OMeTAD/Ag.*® Identification
of degradation products from reaction at the interfaces of PSCs has been achieved using
laser desorption/ionization mass spectroscopy (LDI-MS). These authors found that after
two weeks, the perovskite decomposed to Pbl,. Meanwhile other products such as Znls,
PbO and Agl were also detected in the stability testing process. It is believed that the
formation of PbO is caused by oxygen —mediated photo-reduction (Eq. 7a-7c). Besides
PbO, another product in the degradation reaction is iodine (I,). The formation of MA, HI
and Pbl; is a consequence of degradation of MAPDbI; caused by water and oxygen (Eq.
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7e-f) &7 160
Pbl, + hv — e, (Pbly) + hy,, (Pbly) (a)
e, (Pbly) + Oy — O5° + Pbl, (7b)
(x +y)Pbly +y/20;,* — (Pbly),(PbO), + I (7¢)
2CH;NH;PbI; + 1/205° — 2Pbl, + 2CH3NH; + H,0 + I, (7d)
CH;NH;Pbl; 2 CH,NH, + Pbl, + HI (7e)
2CH;NH;1 4 1/20; ™ 2CH;NH, + I + H,0 (71)

Diffusion of HI to ZnO based ETL in the cell architecture leads to the formation of
Znl; (ZnO + HI —Znl; + H,0). Meanwhile Znl, can also be formed by reaction with
MAI which is the product of the decomposition of MAPbI;. Due to the presence of high
concentration of electrons and holes and the reactivity of some of the reagent present in
devices (i.e. oxygen, iodide), the redox chemistry also needs to be considered. Indeed,
the oxidant iodine () has been reported to form in the device. They are responsible for
formation of Agl (2Ag + I, = 2 Agl). The redox chemistry can be predicted by taking
into account the position of the energy levels as shown Figure 25a. For example, Ag
with a band full of electrons at -4.7 eV will favour the redox reaction with the oxidant
system 17/1, at ~5.0 eV. Similarly, reactivity with the oxidant iodine can also be a
problem with the HTL. The reactivity of 1715 with a series of three different HTL is
monitored by color change of the HTL layers (Figure 25b-c).

Overall, understanding all the chemical processes occurring in a complete solar cells
is a very challenging task. Not only acid-base chemistry needs to be considered in
relation to the migrating ions but also redox and radical chemistry. Comprehensive
analysis of the product as a result of interfacial reactions of complete PSC cell with
different contacts can provide important information of the cause for device stability and
J-V hysteresis. To date, such research is very limited. In the future, more work is clearly
needed in this direction, in particular understanding the interface reactions of carbon
based HTM-free perovskite may provide new insights into its working mechanism.
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Figure 25. a) Energy level diagram of the material employed (black) and formed (blue)
in the studied PSCs as well as potential of side redox reactions (red) occurring in the
PSC. Reproduced with permission of **. b and c) Redox reactivity of different HTL
with 1713. Reproduced with permission of **.

10. Conclusion and outlook

We have summarized evidence for surface charge and discharge phenomena at the
contacts of the perovskite solar cell. Surface charge and discharge processes seem to
follow markedly different kinetics, as in asymmetric trapping-detrapping associated with
surface binding effects. On the one hand, supply of ions from the bulk of the perovskite
material is fast under the effect of an electrical field or light. lons will be transported to
the contacts in the timescale of milliseconds for a typical semiconductor thickness of
100-200 nm. These ions will interact physically or chemically with the contacts
generating an electrostatic potential. Depending on the nature of these interactions the
release of the ions will be favoured (i.e. PCBM) or impeded (i.e. metal oxides). lons
present at the interface are detected by impedance spectroscopy as a very large surface
capacitance that appears in the very low frequency domain. This capacitance clearly
correlates with observed hysteresis during the j-V measurements. There are different
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approaches to reduce this charge surface such as the use of interfacial layers at the
perovskite/extraction layer or use of additives in the perovskite formulation. In general,
the use of additives in the perovskite composition may show incorporation into the
crystal lattice but the dynamic electrical properties seem to be related to the interfaces.
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