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Abstract

This chapter describes the application of impedance spectroscopy and an array of
related experimental techniques used to understand the operation principles of lead
halide perovskite solar cells and their related materials. The main topic of the chapter is
the identification of capacitances and their origin, which is related to ion accumulation,
electron accumulation, or a combination of both. In addition to impedance spectroscopy
we examine a number of charging or time transient techniques that are performed by a
voltage step or continuous cycling, including capacitance-voltage characterization and
Kelvin probe force microscopy. The interpretation is carried out by using several
experimental modifications such as use of different contacts, sample thickness, and
temperature. The relationship of hysteresis to capacitance is also addressed, as well as
the degradation at contacts by ionic accumulation and reaction.

1. Introduction

The research on hybrid organic-inorganic perovskite solar cells is growing rapidly
with multiple facets nowadays. Efficiencies for these cells have been rising at a
phenomenal speed with a certified value over 21%. A rich variety of fabrication
methods have been reported with the aim towards production of low-cost large-scale
devices, especially focusing on robust deposition methods and stability of the solar cell.
Indeed, an increasing number of composition/configuration types are being investigated
and there is a need to clarify optimal preparation methods, i.e. precursors used and
preparation routes. These objectives require sound characterization methods that relate
the structure of the device to its functioning. At present, it is clear that the hybrid
organic—inorganic perovskite materials display a range of fascinating properties that
support the extraordinary photovoltaic performance. However, the principles of
photovoltaic and photophysical operation are not clear yet in the perovskite photovoltaic
devices. A number of key issues hindering further developments need be investigated
thoroughly and solved. For a sound understanding of the solar cell device it is necessary
to clarify the dynamic processes that occur in the low frequency to intermediate
frequency domain and their relationship to materials and structure combinations in the
device. This chapter will address the challenging characterization of perovskite solar cell
devices using impedance spectroscopy and a variety of related techniques that we
describe in the following.

The presence of significant time transient behaviour has been recognized early on in
perovskite solar cells and there are varied and complex phenomena that need a suitable
classification (Sanchez et al., 2014). There exists a fundamental correspondence
between small perturbation decay in time transient techniques and small perturbation ac
methods as impedance spectroscopy, therefore in order to establish a coherent picture of
perovskite solar cell internal dynamics it is important to combine an array of
experimental methods as indicated in Fig. 1.
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Fig. 1. Parallel RC equivalent circuit, and the experimental signatures in time and
frequency domain. (a) Current density decay after a step voltage. (b) Impedance
spectroscopy. (c) Voltage cycling leading to current density-voltage curve.

When a physical element R;C; as shown in Fig. 1 is perturbed with a step voltage, the
electric current decays with exponential shape defined by the characteristic time

r=RC 1)

as indicated in (a). If the perturbation is ac voltage, the relation ac voltage to current is a
complex impedance, Z . For the parallel circuit in Fig. 1, the impedance spectrum traces
a semicircle in the complex plane as shown in Fig. 1b. In addition a continuous change
of voltage outlined in ¢, shows important information as capacitive components and the
steady state current density-voltage (J —V ) curve.

In this chapter we describe the application of these techniques in order to obtain a
detailed picture of the operation of perovskite solar cells, based on CH3NH3Pbl; (or
MAPI;3) and their multiple compositional variants. The structure of the cell is formed by
perovskite absorber and selective contacts for extraction of electrons and holes as shown
in Fig 2a. Additional energetic features as band bending will be discussed later on.
Particularly important in the study of perovskite solar cells has been the ability to use a
variety of contact types, which often modify drastically the performance and properties
of perovskite solar cells. As shown in Fig. 2 one may distinguish several typical
configurations depending on the contacts: (a) planar or (b) mesoporous metal oxide
layer at the transparent side, or use a hole conductor at the transparent side, (c)
(“inverted” structure). The use of symmetric devices (d, e) has produced very large
rewards in terms of understanding as discussed in section 7.
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Fig. 2. Different types of samples configurations. (a-c) diode configuration (solar
cell) with (a) mesoporous and (b) planar metal oxide layer at the transparent side. ()
“inverted” structure with a hole conductor at the transparent side. (d, ) Symmetric
devices with electron selective contacts (d) and hole selective contacts (e).

2. Capacitive charging and hysteresis
In the analysis of solar cells, impedance and time transient small perturbation
measurement have been widely used for the determination of devices characteristics and
lifetimes (Bisquert and Fabregat-Santiago, 2010,Fabregat-Santiago et al., 2011).
However, the central type of measurement in solar cells is the J -V curve at steady
state. From this curve the main parameters that characterize solar to electricity
conversion characteristics at steady state operation are extracted: photocurrent,
photovoltage, fill factor, and power conversion efficiency. This measurement requires a
nearly continuous voltage scan, which is carried out at certain voltage steps, with
simultaneous measurement of current, as indicated in Fig. 2c. The scan can begin at the
value of open circuit voltage, V,., towards the point of V =0, that is from forward to
reverse bias, or the other way around. If the step size AV take a time interval At, then
the scan rate is
s AV

At

This procedure is the same as in the standard technique of cyclic voltammetry in
electrochemistry. It is important to recall the behaviour of a capacitor in this type of

)



measurement (Fabregat-Santiago et al., 2003). For a single constant capacitor C the
charging current is obtained by time derivative of the charge in the capacitor,

dQ _dv
Jo=—S=C— 3
7 at dt ®)
and the result is
Jo=Cs (4)
4 - scan rate increase
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Fig. 3. Capacitive current resulting from cycling the voltage applied to the capacitor
at increasing scan rates.

As observed in Fig. 3, by cycling the voltage between two points, capacitive charging
produces a current that is proportional to scan rate s, and furthermore the current is
inverted when the scan direction changes sign. Therefore the signature of capacitive
current is a symmetric current with respect to the average value. For a single capacitor
the average value is 0 as indicated in Fig. 3. But in general the capacitive current is
added to other dc currents existing in the system. For a solar cell, the steady state dc
current is well characterized (neglecting internal resistances) by a photocurrent and
diode curve of the form

J= ‘]ph _Jo(qu/kaT _1) (5)

Here j,p is the photocurrent density, jo is the dark current density, g is elementary
charge, kgT is the thermal energy, and m is the diode quality factor. In consequence,
the total current under voltage scan in a solar cell will be given by the addition of the
characteristic (5), with capacitive current added or subtracted according to forward or
reverse scan, respectively, as suggested by (Sanchez et al., 2014). The result is shown in
Fig. 4d, where it is observed that the separation from steady state curve (the central
curve, made at very slow scan rate) increases with voltage speed, as indicated in Fig. 3.
This is the mark of capacitive hysteresis (Chen et al., 2015).
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Figure 4. Time transients of a perovskite solar cell formed by mesoporous (mp) TiO,
electron contact, with 500 nm CH3NH3Pbl; film as the light absorber layer and 150 nm
Spiro-OMeTAD as the hole selective layer. Time-dependent photocurrent response
under reverse and forward stepwise scans with (a) 1 s step time and (b) 0.1 s step time.
(c) J-V response for the CV scan with 500 mV/s and corresponding stepwise scan. (d) J-
V response for PSCs with different CV scan rates. () Dynamic photocurrent transient
when switching the applied voltage from V. to different bias. (f) J-V response for the
different reverse scans and dynamic photocurrent transient in (e). Reprinted from (Chen
etal., 2015).

In order to describe in more detail the capacitive charging of the solar cell one needs
to observe the transient current for each voltage step as in Fig. 5. In this figure the
response of devices with two different hole selective contacts, spiro-OMeTAD and Cul,
are compared (Sepalage et al., 2015). Obviously for the second case the transients are
much shorter than for spiro-OMeTAD, which is related to a smaller capacitance
influencing the decay time as indicated in Fig. 1a. The low frequency capacitance
measured in these cells is shown in Fig. 6b. Similarly, the measurements in Fig. 4aand b
illustrate the effect of capacitive current upon J —V curve. When the scan rate is slow
(large At) as in Fig. 4a, the current has sufficient time to reach steady state value
corresponding to Eq. (5) (Kim and Park, 2014,Unger et al., 2014). However, under fast
scan rates At leaves the current on a transient value before the next voltage step comes
in, so that the overall current stays above the stationary value, as shown in Fig. 4b. As
expected the opposite sign of capacitive current occurs in the reverse scan, causing the
opening of current with respect to steady state value. This behaviour depends on the
scan rate indicated in Eq. (2) and not on separate values of At and AV, provided both
are relatively small. Thus two different procedures are applied in Fig. 4c and they
provide the same amount of capacitive hysteresis.
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Fig. 5. Time transients using forward and reverse stepwise voltage sweeps for a
perovskite solar cell formed by 50 nm planar TiO, electron contact, with 300-400 nm
CH3NH3Pbls film as the light absorber layer, and two different hole selective contacts,
(a, b) spiro-OMeTAD and (c, d) Cul. Reprinted from (Sepalage et al., 2015).
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Fig. 6. (a) Complex plane impedance plots obtained for a Cul-based solar cell device
(circles) and a spiro-OMeTAD-based device (squares). Fits are shown in the dashed
lines and the equivalence circuit used for fi tting the impedance response is provided in



the inset. (b) Variation in resistance and capacitance as a function of potential for both
devices. Impedance measurements were performed under constant illumination. (c)
OCVD measurements for Cul-based and spiro-OMeTAD-based devices; and (d) their
corresponding instantaneous relaxation time constants, z;., as a function of the V.
Reprinted from (Sepalage et al., 2015).
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Fig. 7. (a) Light-soaking at forward bias positively affects the current—voltage and
hence the performance of thin film perovskite-absorber solar cells. The solar cells are
formed by mesoporous (mp) TiO; electron contact, with 350 nm CH3NH3Pbl; film as
the light absorber layer and 150 nm Spiro-OMeTAD as the hole selective layer. (b) The
reverse effect is observed after light soaking under reverse bias conditions with the 1V-
curves developing an S-shape. Reprinted from (Unger et al., 2014).

In addition to the capacitive hysteresis, another type of hysteresis has been widely
reported, that depends not only on scan rate, but on previous pretreatments. Examples
are shown in Fig. 7, that reveal that light soaking at forward bias improves the J -V
characteristic, while light soaking at reverse bias has the opposite effect (Unger et al.,
2014). These results indicate the dramatic changes that occur in the perovskite solar cell
devices when light and voltage have been applied (Sanchez et al., 2014,Chen et al.,
2015,Gottesman and Zaban, 2016).

Importantly, it has been widely reported that the lead halide perovskite is a good
ionic conductor, in which interstitials and vacants can move under internal forces
(Azpiroz et al., 2015). lonic movement of I" and MA™ have been reported to take place
under applied bias and/or illumination conditions (Eames et al., 2015,Yang et al., 2015).
The drift of ions and/or vacancy turns the lead halide perovskite into a mixed ionic-
electronic conductor which creates a number of complexities of interpretation of
electrical measurements as outlined in Fig. 8. When a bias voltage is applied to the
asymmetric device, it is induced the displacement of different carriers, ionic and
electronic. However, whilst either type of electronic carrier can be transported through
the solar cells contacts ionic carriers are blocked, so that in dc regime the ionic current is
suppressed. This means that the electrochemical potential of ions must be constant,
which implies a concentration gradient in opposite sense to the electrical field drift as



explained by (Hebb, 1952). Fig. 9 shows the study of galvanostatic charging of a thick
symmetric sample at a constant current of 2 nA. Initially the current is maintained by
both electronic and ionic current, but as an ionic gradient is established the ionic current
is suppressed and more voltage is necessary to maintain the value of the current, that is
purely electronic (Yang et al., 2015). Strong evidence for the effects of ionic migration
over contact barriers has been provided by (Xiao et al., 2015), see Fig. 10, who showed
that short time polarization of the perovskite layer can determine the contact type as hole
or electron selective layer, independently of the type of metal contact. This type of
inversion of J —V characteristics with respect to the type of contacts is widely reported
in ferroelectric materials, and it is usually associated to the migration of defects or
polarization changes that modify the injection barriers at contacts (Lee et al., 2011).
Reactivity between these moving ions and external contacts can dramatically impact the
solar cell operation and stability as further discussed in section 7.

Another widely reported observation is the large dependence of hysteresis on the type
of contacts has been observed as shown in examples in Fig. 11. Such changes are
strongly correlated with the low frequency capacitance as indicated in Fig. 12 (Kim et
al., 2015).

(a)  electrons

.-....-:\
]
v\(.( o
Qv °-2 e
@
;\"‘ holds
e
Perovskite
TiO, OMeTAD
b)) —,
e " e

v :.l

Fig. 8. Schematic diagrams indicating the different components of electric current in
asymmetric perovskite device in the dark. (a) Starting from homogenous situation,
forward applied bias voltage V a drift field that causes the displacement of positively
charged I vacants. The electronic current is produced by injection of electrons and holes
at the respective contacts and recombination inside the perovskite layer. Note that ionic
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and electronic currents are marked by different types of arrows. (b) After a certain time
the ionic drift causes accumulation of ions at the cathode that produces space charge and
a diffusion current against the drift field. Eventually an equilibrium distribution of ions
mainly at the cathode surface is obtained that will be controlled by the ionic Debye
length L as indicated. Meanwhile the electronic recombination current persists as long
as the voltage is applied.
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Fig. 9. (@) DC polarization curve for a symmetric graphite/MAPbI; /Graphite cell
(thickness 0.6 mm) measured at 308 C in Ar flow by applying a current of 2 nA. (b)
Voltage versus square root of time up to 104 seconds. Reprinted from (Yang et al.,
2015).
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Fig. 10. Performance variation of ITO/PEDOT:PSS/Perovskite (300 nm)/Au vertical
structure devices. The devices were poled at 6 VV/um for 20 s. The photocurrents were
measured under 1 sun illumination at a sweep rate of 0.14 V/s. Reprinted from (Xiao et
al., 2015)
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Fig. 11. J-V hysteresis and time-dependent photocurrent. (a) scan direction-
dependent J-V curves of the planar-TiOo/MAPbIs/spiro-MeOTAD (normal) structure
and (b), the PEDOT:PSS/ MAPDbI3/PCBM (inverted) structure. During J-V scan the
current was acquired for 100 ms after applying a given voltage. (c) Normalized time-
dependent Js. of the normal and the inverted structures. Open-circuit condition under

one sun illumination was maintained before measuring Js.. Reprinted from (Kim et al.,
2015).
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Fig. 12. Frequency dependent capacitance C-f curves of the planar-
TiO2/MAPDI3/spiro-MeOTAD (normal, black) structure, thickness 440 nm and the
PEDOT:PSS/ MAPDLI3/PCBM (inverted, red) structure, thickness 380 nm, in dark (filled
symbols) and under one sun illumination at short-circuit condition (bias voltage = 0 V,
empty symbols). Reprinted from (Kim et al., 2015).
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3. Ferroelectric properties

Ferroelectric materials are characterized by a permanent electrical polarization. A
typical phase transition to a nonferroelectric symmetric crystal phase occurs at the Curie
temperature, where the macroscopic polarization ordering cannot be maintained. The
transition is accompanied by a large variation the dielectric constant. The polarization
field can switch direction by an applied external field. In ferroelectric layers with
metallic contacts the charges in the electrode compensate the bound polarization charge,
which removes the internal polarization field. In practice ferroelectric materials can
maintain internal electrical fields due to imperfect screening of polarization charge
which creates an internal depolarization field.

As many perovskites are ferroelectric, in early studies of organic-inorganic
photovoltaic perovskites the ferroelectric property was an appealing explanation of some
exotic observations, for example very large dielectric constant, which are typical of
oxide perovskites. In lead halide perovskite, three main mechanisms of polarization are
expected: the orientational polarization of MA™ cation (which has significant dipole
moment), the ionic polarization induced by the shift of the positive charge center of
MA+ relative to the negative charge center of the Pbl; cage, and the ionic polarization
induced by the off-center displacement of Pb within the Pbls octahedra. In order to
determine the interest of such important property for the photovoltaic function, (Coll et
al., 2015) utilized piezoelectric force microscopy (PFM), which is a variant of AFM that
is widely used to image polarization structure and local switching in ferroelectric
materials. The study of MAPbI; perovskite films showed piezo-phase hysteresis loops as
seen in Fig. 13a. In principle this observation is evidence for ferroelectric polarization,
but in contrast to a standard material as BiFeOs, the polarization in the lead halide
perovskite thin film vanishes in a matter of seconds. It is also observed that the
coercivity is greatly enhanced under illumination, which would indicate the presence of
a light enhanced dipole (Wu et al., 2014).
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Fig. 13. (a) Piezo-phase hysteresis loops of MAPDI; thin films with small crystals
performed at different acquisition times. (b) Coercivity dependence with time of
MAPDI; films with small (red open circles) and large crystals (black squares) and 25 nm
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BiFeOs3 thin films (green stars). Reproduced from (Coll et al., 2015).

Another important effect that produces evidence for ferroelectric property is the
observation of hysteresis in the cycling of polarization P with respect to voltage (or
field). Since measurement of polarization is based on the integrated charge from the
current, an internal leakage current completely masks the displacement current due to
reordering of ferroelectric domain. This effect plagues the observation of ferroelectric
hysteresis and is expected to be large for a large conductivity sample. Indeed (Fan et al.,
2015) measured polarization dependence on applied field and failed to find ferroelectric
loops but instead attributed the results to leakage currents. In the samples of (Coll et al.,
2015) only capacitive response was observed, but not hysteresis in the P —V plot.

Being MA"™ the main polarization mechanism, the permanent polarization of MAPI;
is due to alignment of MA cation molecules. The weak ferroelectricity of MAPbI;
described above is in agreement with several theoretical and experimental works which
indicate that the molecule is fully activated and free to rotate at room temperature
(Poglitsch and Weber, 1987,0noda-Yamamuro et al., 1990,Mosconi et al., 2014,Fan et
al., 2015,Leguy et al., 2015,Mattoni et al., 2015). The observed trends of polarization
have been explained by computations of polarization ordering in tetragonal and
orthorhombic phases (Fan et al., 2015,Filippetti et al., 2015). The ferroelectric ordering
is effective only when the barrier for rotation of MA becomes significant, below 160 K,
when the transition from tetragonal to orthorhombic occurs. This is why at room
temperature the poling provides no significant image inversion (Kutes et al., 2014,Kim
et al., 2015). Therefore ferroelectric property does not seem to play a central role in
electric and photoelectric behavior of the most widely used organic-inorganic
perovskites. However, it is not yet known if the strong polar character of the perovskites
is a central attribute to the excellent photovoltaic performance of these materials, e.g. via
formation of polarons (Zhu and Podzorov, 2015).

4. Nature of capacitances in perovskite solar cells: the dark
capacitances

Interpretation of capacitance in perovskite solar cells is complicated by the wide
variety of possible phenomena that can potentially cause capacitance response. The
classification of these effects has been summarized in (Bisquert et al., 2016). In brief,
main aspects of the capacitance include: Dielectric capacitance, chemical capacitance,
depletion layer at contact barrier (or possibly accumulation or inversion capacitances),
and electrode polarization, consisting on ionic accumulation at the interface.

The main characteristics of measured capacitance in perovskite solar cells, have been
described previously (Juarez-Perez et al., 2014,Almora et al., 2015) and are shown in
Fig. 12 and 14. The capacitance in dark at room temperature is characterized by a high
frequency plateau that rises towards very large values as the frequency is reduced. The
plateau is more or less visible depending on the onset of the low frequency capacitance,
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see Fig. 11. Under illumination there is a very large increase of the low frequency
capacitance as indicated in Fig. 12 and 14, and these effects will be discussed in a
separate section of this chapter.
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Fig. 14. Plot of the real permittivity as a function of frequency for different incident
light intensity (®gy) from dark to 1 sun, for TiOz/meso-Al,03/CH3;NH;3Pbls.
xClx/OMeTAD/Au perovskite solar cell. Measurements have been carried out at room
temperature and 0 V applied bias. Inset, linear regression of the dielectric constant at f =
50 mHz vs. illumination intensity, observing a close to linear dependence between &g
and intensity of illumination. Reprinted from (Juarez-Perez et al., 2014).
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Fig. 15. Capacitance vs. frequency at different temperatures (dark) of a perovskite
solar cell formed by planar TiO, electron contact, with 400 nm CH3NH3Pbl; film as the
light absorber layer and 150 nm Spiro-OMeTAD as the hole selective layer. Reprinted

from (Almora et al., 2015).

The universal shape of capacitance dependence on frequency is composed of a series
of plateaus. In between the plateau we obtain capacitance increments associated to
different relaxation processes that determine the kinetics of each copacitance. At low
frequencies all capacitive processes contribute but they are progressively cancelled
when moving to high frequencies (Bisquert et al., 2016). Therefore the general shape of
capacitance plot has the form of Fig. 15a and the separate steps need to be physically
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characterized. However, the presence of frequency dispersion complicates this task. In
this case a constant phase element (CPE) Z =Q(iw) ™", where Q is a prefactor and
0<n<1 is a constant exponent, replaces the capacitor. The capacitive impedance of
this type provides a steady increment of C(f) that masks the plateaus (Bisquert et al.,
2016). Thus the light curves in Fig. 14 have a steady decrease that is held up to very
high frequencies, which forms a featureless spectrum that is hard to analyse. Major
progress in the understanding the dark capacitance has been obtained by measuring
samples with modified thickness and temperature. Cooling the sample has revealed the
nature of capacitive steps, as shown in Fig. 15b and c. It has thus been possible to
separate: (i) the bulk polarization associated to dielectric relaxation of the sample, from
(if) the low frequency capacitance. This large low frequency capacitance has been
largely ascribed to contact phenomena, in congruence with the hysteresis behaviour
described in the previous section.

The accumulation of ions at the contact interface produces a capacitance due to
surface space charge, that responds in the low frequency range of the measurement in
ordinary ionic conductors (Beaumont and Jacobs, 1967,Tomozawa and Shin,
1998,Lunkenheimer et al., 2002). This capacitance occurs in a short distance to the
contact and it is independent of the active film thickness d, as indicated in Fig. 8b.
Electrode polarization gives rise to capacitances of order 10 xF cm?, and can be
modeled following the classical Gouy-Chapman double-layer model (Kim and
Tomozawa, 1976),(Almora et al., 2016).

Qdiff :Msinh qA(p (6)
qLp 2kgT

Qgiss corresponds to the charge per unit area, Ag is the potential drop between the
metallic contact and the absorber bulk, and the ion Debye length is given by

&90kBT
2
\ q°N (7

Here N accounts for the density of ionic charges. By derivation with respect to the
potential, Debye capacitance Cp, is obtained at Ap=0:

LD:

_&o

Cn =
D=

(8)

In equilibrium (zero bias) and room temperature, excess ion carriers accumulate
within an extension (space charge region) equivalent to the Debye length.

In addition to the low frequency features, as observed in Fig. 14 for measurement
under dark at zero bias, capacitance spectra of MAPDbI;Cl,—based planar devices show
two steps appearing at low temperatures (120-180 K), and high temperatures (180-320
K), respectively, that are interpreted in terms of bulk perovskite polarization processes.
The dielectric polarization has two main origins that compose the true dielectric constant
¢ of the perovskite material. First we have the dipolar relaxation mechanisms, that have
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been already indicated above in terms of ionic process: MA™ cation rotation, the shift of
MA" center relative to Pbls cage, and the off-center displacement of Pb. In addition,
when all atoms are frozen at higher frequencies (>1GHz), electronic polarization
phenomena exist that cause a small fraction of the low frequency dielectric constant.

A number of papers reported previously the dielectric properties of lead halide
perovskites. Work by (Poglitsch and Weber, 1987) measured effective dielectric
constant for MAPbI; at 300 K to be 33 at a frequency of 90 GHz. Other reports (Onoda-
Yamamuro et al., 1992) provided a value of ca. 58 at a frequency of 1 kHz. In contrast,
the dielectric constant, in the absence of molecular reorientation, is predicted to be 24.1
from electronic structure calculations (PBEsol+ QSGW) (Brivio et al., 2014) in good
agreement with the value of 23.3 determined from a fit of permittivity measurements
over 100-300 K to the Kirkwood-Frohlich equation.

The high-frequency plateau observed in Fig. 15b (C =100 nF cm™) can be related to
the perovskite permittivity of the orthorhombic phase dominating at low temperature in
combination with the dielectric contribution of contacts layers as spiro-OMeTAD and
TiO,. Fig. 15 also allows us to extract conclusions regarding the temperature variation
of dielectric constant. Lead halide perovskite MAPbX3; (X=CI or Br) crystals undergo a
phase transformation at ~160 K between orthorhombic (y -phase with &= 24) and
tetragonal (/3 -phase with & ~55 at 300 K) structures (Masaki et al., 1997). Fig. 15d
shows that the phase transformation provokes a large increase of the dielectric constant
that is observed when measuring the capacitance spectra of complete perovskite-based
solar cells, in agreement with the literature based on symmetric samples. The low-
temperature increment in Fig. 15c yields a permittivity value for the f-phase of
& =32.5 at 300 K, in good agreement with other reports (Brivio et al., 2013,Frost et al.,
2014). It should be noted that a considerable extent of disparity is found among reported
permittivity values (&~24-55). Due to the fact that perovskite films are
polycrystalline and that TiO, layer is in some cases mesoporous, one can expect
roughness factors as high as 3-5, as pointed out by (Pockett et al., 2015). Alternatively,
when a voltage is applied towards positive bias (forward) the capacitance increases and
this increase has been correlated with the modulation of a depletion capacitance as it
will be described section 5.

These observations are summarized in Fig. 15a that identifies the general structure of
dark capacitance features in lead halide perovskite layers.

5. Capacitance-voltage and energy level diagram

Different mechanisms of collection efficiency in photovoltaic devices are determined
by the carrier conductivities, diffusion length, and the electrical field distribution within
the semiconductor material that combines diffusion transport with drift transport
(Kirchartz et al., 2015). Charge transport of minority carriers throughout quasi-neutral
zones occurs by diffusion in the bulk of the semiconductor. On the other hand, drift
governs the carrier motion within the band bending regions close to the external
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contacts. The energetic offset between work functions of absorber and each contact
material generates a built-in voltage V; in equilibrium conditions (Fig. 16a).
Importantly, several profiles may be formed depending on the type of dopant, doping
density and applied voltage.

@ ov (b)
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Fig. 16. (a) llustrative energy diagram of TiO, and PVK. A built-in voltage
approximately equal to 1 eV is expected. (b) Band diagram in equilibrium showing the
formation of a p-n (perovskite-TiO;) type heterojunction. Reproduced with permission
from (Guerrero et al., 2014).

Two techniques are especially useful to probe the electrical profile close to the
contacts: Kelvin Probe Force Microscopy (KPFM) and Capacitance-Voltage (C-V).
KPFM allows the direct observation and mapping of the electrical field distribution in a
device. Alternatively, C-V is an indirect technique where by measuring the capacitance
of the semiconductor one can infer the doping density of defects and voltage at which
bands are flat (Guerrero et al., 2012). The operation principle of a C-V measurement is
similar to that of impedance spectroscopy but the analysis is restricted to a single
frequency during the ac perturbation. Capacitance-voltage measurement is a useful non-
destructive technique to discriminate between effects taking place at the bulk of active
layer and those occurring at the interfaces with the external contacts (Guerrero et al.,
2013,Guerrero et al., 2014). Fig. 17 shows the C-V analysis applied to a degradation
experiment of perovskite solar cells.
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Fig. 17. Capacitance-Voltage and Mott Schottky plots measured during degradation
studies for devices in the configuration ITO/PEDOT:PSS/Perovskite/PCBM/Metal, (a)
Ca and (b) Cr,O3/Cr . Reproduced with permission from reference (Guerrero et al.,
2015).

By coupling of both techniques, perovskite devices have been shown to contain p-
type defects and a p-n heterojunction is formed with the TiO, external contact (Fig. 16)
(Guerrero et al., 2014),(Jiang et al., 2015) also observed this type of heterojunction at
the electron selective contact and a large depletion layer which indicates that drift of
minority carriers is necessary despite the long diffusion length generally reported in
perovskite layers.

It has been noted in section 4 that the capacitance in the high frequency region is
related to the perovskite permittivity. Indeed, full depletion occurs at negative (reverse)
applied voltage and at short circuit conditions for good performing devices (~16% PCE)
as the pristine devices shown by (Guerrero et al., 2015) in Fig. 17. However, as the
voltage is applied towards positive bias (forward) an increase in the capacitance is
observed. This increase in capacitance is correlated to the width of the depletion zone of
a Schottky barrier at the cathode, as supported by Kelvin Probe measurements (Guerrero
et al., 2014). The depletion zone decreases at positive bias voltage and as a consequence
the capacitance increases, and by plotting C_Z(\/) a straight line is observed. The
density of fully ionized defect states (p-doping level) N is derived from the slope by
means of the Mott—Schottky relation
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where Vy, is the voltage at which bands are flat and A the device active surface.

Doping alters the electrical field distribution by the presence of charged impurities or
defects of structural or chemical origin introduced during device processing. In addition,
defects may pose a detrimental effect on the solar cell performance as it has been shown
by investigating the diode behavior of perovskite solar cells that trap-assisted
recombination via electron traps is present as a non-radiative loss mechanism
(Wetzelaer et al., 2015). Photovoltaic devices where only direct free-carrier
recombination occurs show diode ideality factors close to 1 (Chih-Tang et al., 1957).
Alternatively, if trap-assisted recombination is present the diode ideality factor increases
to values close to 2 and this has indeed been observed for perovskite solar cells with
applied voltages in the range of 0.7-1.0 V (Wetzelaer et al., 2015).

Importantly, it needs to be clarified that neutral vacancy pair defect (Schottky
defects), such as Pbl. and CH3NHgsl vacancy, do not account for a trap state, which
would reduce carrier lifetime (Wang et al., 2014). Alternatively, elemental defects
(Frenkel defects) like Pb, I, and CHsNHs vacancies act as dopants, which explains the
unintentional doping of methylammonium lead halides (Kim et al., 2014). It has also
been proved that the n-/p-type can be efficiently manipulated by controlling growth
processes. For example, (Wang et al., 2014) have reported that an excess of MAI
produces p-type character defects by having Pb?* vacancies. Alternatively, an excess of
Pbl, induces generation of n-type defects by having I" vacancy. Interestingly, thermal
annealing can convert the p-type perovskite to n-type by removing MALI. In addition, the
deposition method also influences the amount of defects as this will determine the
crystallinity and the defects confined to the grain boundary.

A clear correlation of the charge carrier mobility with perovskite domain size has
been observed by using time-resolved microwave conductivity measurements (Fig. 18)
(Oga et al., 2014). Defects measured in complete photovoltaic devices represent
extremely shallow traps with depth in the order of 10 meV that allow the achievement of
extremely high charge carried mobilities with minimum values of up to 20 cm? V' s
attributed to holes for devices prepared using a 2-step process on mesoporous TiOs.
Under best preparation conditions intrinsic mobilities of each PVK sample of 60—75
cm? V! s7! were obtained. Exceptionally low trap-state densities on the order of 10° to
10' cm™ are obtained for single crystal materials which show long carrier diffusion
lengths exceeding 10 #mand high mobility 115 cm?V™*s™ (Shi et al., 2015).
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Fig. 18. Plot of Xumin measured by time-resolved microwave conductivity at 9 GHz
(Table 1) versus averaged crystal size. Reproduced with permission from (Oga et al.,
2014).

To obtain a more complete analysis of the energetic profile and especially close to the
contacts one needs to take into account ionic conductivity effects previously discussed
in Fig. 8. Therefore, extraction of photogenerated carriers at the contacts may be limited
in many cases by the energy level profile but it can also be limited by the chemical
reactivity of the external contact with the perovskite material. For example, during
cycling of the device under dark conditions reversible generation of Ti-I-Pb bonds have
been reported to take place at the interface between the perovskite materials and TiO,
(Carrillo et al., 2016) and this will be discussed in detail in section 7. Depending on the
external contact this type of reactivity could generate insulating species that pose a
source for series resistance to the device.

Using KPFM microscopy (Bergmann et al., 2014) studied the contact potential
difference profile of devices containing mesoporous TiO, layer under different
illumination conditions. It was observed that the electrical field distribution across the
devices depends markedly on the illumination conditions, see Fig. 19. The authors
showed that under dark conditions the potential drop in the mesoporous TiO,/perovskite
layer was homogenous. Alternatively, in the capping perovskite layer the electrical field
was rather confined to the TiO,. On illumination, a drastic change was observed in the
capping layer being the potential drop homogeneous in the middle and the electrical
field confined close to both of the external contacts TiO, and Spiro-OMeTAD. The
authors claimed that on illumination holes accumulate in front of the hole-transport layer
as a consequence of unbalanced charge transport in the device. However, at the time it
was not known about the ionic transport to the external contacts so ion accumulation at



22

the contacts could well be responsible for such a behavior. Importantly, after light
illumination some permanent changes (within the timescale of the measurement) were
observed which were responsible for a modification in the obtained energy level profile.
This observation is more consistent with ion movements rather that hole accumulation

which tend to decay quite fast.
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Fig. 19. Comparison of representative KPFM results of a device containing mesoporous
Ti02 measured under dark and light conditions under short-circuit conditions. As can
be observed CPD line profiles are different before illumination, during illumination and
immediately after illumination. Reprinted from (Bergmann et al., 2014).

6. Transient photovoltage and photocurrent

Time transient experiments that probe the decay of electrical or optical properties are
widely used to obtain the properties of charge generation, recombination and the
fundamental mechanisms of voltage and current generation in hybrid organic-inorganic
solar cells as dye-sensitized solar cells and organic solar cells (Clifford et al., 2012).
These transient decays consist of the measurement of the response to a step change.
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Depending on the perturbation several methods are distinguished. Open-circuit voltage
decay (OCVD) (Zaban et al., 2003) is a large perturbation method in which illumination
is removed and the decay of photovoltage is monitored. Transient Photovoltage Decays
(TPD) consists of the decay of a small perturbation step of illumination, again
monitoring a photovoltage, while in Transient Absorption Spectroscopy (TAS), the
optical absorption properties are probed.

6.1. Open-circuit voltage decay

The method of OCVD has been widely used to determine electron lifetime in dye-
sensitized solar cells, which is obtained directly by a reciprocal derivative of the voltage
(Zaban et al., 2003). However, the interpretation of decays in hybrid halide perovskite
appears to require a very different framework concerning the physical origin of the
decay (Bertoluzzi et al., 2015). Time transient decays in perovskite solar cells span a
very complex phenomenology and the model required to extract decay times are often
uncertain, ranging from multiple exponentials to stretched exponential (Roiati et al.,
2014,Listorti et al.,, 2015). A slow response associated to recovery of the dark
polarization in perovskite solar cells (Baumann et al., 2014,Sanchez et al., 2014) should
be connected to the observations made by capacitance spectroscopy and voltage sweep
methods, that indicate a dominance of complex ionic-electronic relaxation phenomena at
the external interfaces of the device. In addition there are faster component which can be
related to the observations by small perturbation TPD (Lee et al., 2014,Roiati et al.,
2014,Stranks et al., 2014).

Since the slow decay of OCVD cannot be attributed directly to recombination, and in
addition other fast decay components are observed in the transient of photovoltage, we
have defined (Bertoluzzi et al., 2015) an instantaneous relaxation time z;, that describes
a general relaxation phenomenon by the following expression

dv 1
=V ©)
dt Tir
The characteristic time z;, is a constant only if the voltage decay obeys an ideal
relaxation exponential law. Otherwise z;, is a function of the voltage that can be

generally determined as

-1
nA\/){—é‘Z—Yj (10)

The time 7;,(V) describes the instantaneous advance of the relaxation, being
different from the (Zaban et al., 2003) definition that applies for a recombination
lifetime.

The representation of z;(V) let us discriminate the different types of relaxation
dynamics. In Fig. 6¢ decays of devices with different hole extraction contacts are shown
with nearly constant decay time. Interestingly, the relaxation time is much shorter for
the sample that has the smaller capacitance (Fig. 6d), as previously discussed. In
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contrast to this, samples with mesoporous electrodes show more complex long time
decay characteristics as indicated in Fig. 20. Fig. 21 shows that a modification of the
oxide contact modifies the instantaneous relaxation time of the voltage decay.
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Fig. 20. Instantaneous relaxation time as function of voltage for three different

CH3NH3Pbls «Cly perovskite solar cells. The starting value of voltage is indicated for
each cell. (a) Sing-MA/I-Cl is formed by single step deposition, using PbCl, precursor,
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of CH3NH3Pbl3;«Clx onto a compact TiO,/meso-TiO, electrode and using Spiro-
MeOTAD as hole contact. (b) Seg-MA/I were prepared by exploiting the sequential
methodology, which consists on depositing by spin-coating a layer of Pbl, onto a
compact TiO,/meso-TiO; electrode, followed by the addition of a CH3NHgl solution to
form the CH3NH3Pbl; and using Spiro-MeOTAD as hole contact. These two methods,
configuration and materials are probably the most extended in the current literature of
PSCs. (c) MA/I-Carbon. The third configuration of devices consist on the deposition of
CH3NH3Pbl; by drop casting onto a meso-TiO2/meso-ZrO,/Carbon electrode, thus
consisting on a hole conductor-free device. Reprinted from (Bertoluzzi et al., 2015).
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Fig. 21. Open-circuit voltage transients for the four different perovskite device types
FTO/Zr—TiO, (or TiO2)/CH3NH3Pbls(Cl)/spiro-OMeTAD/Au. The oxide contact has
different compositions as indicated in the figure legends. Reprinted from (Nagaoka et
al., 2015).

6.2. Transient current and charging

As discussed in previous sections, accumulation of ionic species in the vicinity of the
contact brings about electrode polarization and concomitant capacitive responses. The
long time decays observed in Fig. 20 indicate a complex slow relaxation but so far it has
not been identified in terms of a physical process. An alternative way of analyzing ionic
charging is by measuring charge transients instead of current transients as in Fig. la.
The advantage of this method from the experimental point of view is that charge yields a
growing response as a function of time, while current decreases below usual detection
limits. An example of the charge response to a voltage step is depicted in Fig. 22. Thick
CH3NH3Pbl; samples sandwiched between inert Au electrodes exhibit double
exponential charging shapes with typical response time of order 10 s for the slowest
component (Fig. 22b) (Almora et al., 2016). An analysis of these transients provides
important information on the ultraslow relaxation of perovskite solar cells.

Charging profiles reveal the structure of the ionic double-layer made up of Helmholtz
layer at MAPbIs/contact interface and electrode-induced local charge imbalance within



26

the ion diffuse layer, as outline in Fig. 8b. lonic accumulation within the diffuse layer is
well described by Eqg. (6).
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Fig. 22. Example of Q (and V) signals of an 800 zm-thick MAPDI; pellet
sandwiched between Au contacts for short (a) and long (b) measuring times. (c) Values
of Q. (Helmholtz layer) showing a linear trend (solid line) in accordance to a plane
capacitor behavior. lonic charge Qg (diffuse layer) values following fitting of
Equation 8 (solid line). Reprinted from (Almora et al., 2016).

Based on this interpretation associated to the Gouy-Chapman layer it is proposed that
ionic charging, with a typical response time of 10 s, is a local effect confined in the
vicinity of the electrode (with extent Lp <<L). This observation entails steady-state
ionic space charge of ~10 nm-width at the contacts from Eq. (7) using N = 107 cm?, in
contrast to other approaches that suggest non-negligible net mobile ionic concentration
entering the perovskite bulk. For example the chronoamperometric transient signal
obtained upon illumination (Fig. 23) using much shorter perovskite layer thickness (500
nm), has been interpreted in relation of ionic rearrangement in the entire absorber size
(Bag et al., 2015,Eames et al., 2015). Both models predict ion accumulation of different
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extent that produces partial screening of the electrical field within the perovskite film.
Also much longer voltage transients measured with thicker (0.6 mm) samples have been
interpreted as resulting from ion movement (Fig. 9) (Yang et al., 2015).
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Fig. 23. Chronophotoamperometry measurements of a perovskite based cell. The
measurement sequence in a d-TiO,/CH3NH3zPbls/spiro-OMeTAD/Au cell is indicated;
measured temperatures (to the nearest 0.5 °C) of the devices were -9.5 (dark blue), -5.5,
0.5, 5, 10.5, 15, 19.5, 24.5, 30, 40 and 50 °C (dark red). Reprinted from (Eames et al.,
2015).

6.3. Small perturbation illumination methods: Transient photovoltage and charge
extraction.

Photo-induced time resolved techniques such as charge extraction (CE) and TPV
have been widely employed in the field of dye-sensitized solar cells and organic solar
cells to determine capacitances and lifetimes. The results have been found in excellent
correlation with those of impedance spectroscopy, which provides a coherent and robust
picture of dynamic carrier phenomena in these systems (Etxebarria et al., 2014). The key
issue when employing CE instead of IS is that the CE decay must be much faster than
the TPV decay under 1 sun illumination conditions. The solar cell charge density can be
also measured using differential charging, a method that combines the use of TPV and
Transient Photocurrent (TPC), with identical results to either IS or CE in devices
measured previously as organic or sensitized solar cells.

However, substantial differences between the results of these methods have been
found in measurements of lead halide perovskite solar cells, either using mesoporous
TiO, or not as scaffold, which respect to the former classes of devices. In contrast to the
previous systems in the perovskite solar cells, the CE decay results much longer than the
TPV decay (Marin-Beloqui et al., 2016), Fig. 24. In addition the measured charge
density when using differential charging is different to the results obtained by CE as
shown in Fig. 25.
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Figure 24. Top, charge extraction decay at 1 sun for a 12.7% efficient lead
perovskite solar cell. Bottom, TPV decay at the same light intensity (1 sun) for the same
solar cell. Reprinted from (Marin-Beloqui et al., 2016).
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Figure 25. Top, solar cell charge density at different light bias measured using
charge extraction. Bottom, solar cell charge density measured at different light bias
using differential charging. Data courtesy of Emilio Palomares (ICIQ).
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The main difference between both techniques, CE and differential charging, is the
acquisition time. The differential charging method let obtain the cell capacitance
through the expression

_dQ(av)™
CVoc) = dt(dtj (11)

The dV /dt is obtained directly from the TPV transients at different light bias and the
dQ/dt is measured using TPC. The TPC decay under different light intensities reaches
a plateau that can be taken as the maximum charge generation flux. The TPC is the
voltage response of a solar cell but measured at short circuit using the same laser pulse
as that used for the TPV. The TPC decay is converted into a current transient using a
small resistor (typically 40-50 Q) and applying Ohm’s law. Yet, this assumption is only
valid if (a) there are not critical charge losses at short-circuit (basically meaning that the
device J. is linear when increasing the light intensity); (b) the dQ does not change
substantially under different light illumination conditions and (c) the TPV decay is
slower than the TPC (meaning that charge collection is much faster than charge
recombination). Despite the uncertainties associated to the interpretation of this
technique (which is common to other transient methods as mentioned before), according
to the initial suggestion of (O’Regan et al., 2015) the measured charge using differential
charging is associated to a given carrier lifetime which can be used to reproduce, within
the experimental error, the solar cell photocurrent at a given light bias.

7. Reactivity and degradation at electrodes

The property of ionic charging by ionic vacancy or interstitial migration and
subsequent accumulation at the outer boundaries of the perovskite layer, has already
been commented extensively. lonic charging may provide complex experimental
characterizations, particularly if contacts cannot be considered as blocking electrodes,
i.e., when Faradaic currents (non-blocking or reacting electrodes) or high applied
voltages may yield large extent space-charge regions entering the layer bulk (Bazant et
al., 2004). In these cases the interface polarization is dominated by the complex
interaction between electronic and ionic species at both sides of the contact (Mariappan
et al., 2010,Kato et al., 2015) instead of simple Debye capacitances of Eg. (8).
Reactivity at the interfaces between the perovskite film and the electron- or hole-
transporting contact materials is then an issue of primary concern.



30

a)
b) 10°
4 ] 250 mVis
10 —— 100 mV/s
105 4 50 mV/is
S — 25mVis
< 108y — 1omvis
5mVis
€ 1074 1mvis
g 1084 — 0Amvis
=
o 10°
-10° 1 Leakage
410 i Current
-107 _—
102
c) 197
10 4 < |
1
-5 o |
10 4 <5l
6 € |
10° 4 E | ilncreasing cycles _
—~ 1074 © | =
< Poling
g 10° ' +1V
@ X
= 5 min
=
(8]
0.1 mV/s
-1.0 -0.5 0.5 1.0

0.0
Voltage (V)

Fig. 26. (a) Structure of the planar solar cells (200 nm MAPbI; layer). (b) Dark
currents measured at different scan rates both for positive and negative sweep. Three
different mechanisms are identified: at V > 0.5 V operation currents caused by carrier
injection, V < —0.5 V leakage currents, and central voltage interval shows the presence
of scan-rate dependent, capacitive currents. (c) Cycled experiments including positive
poling during 5 min. Positive scan (no poling) reproduce steady-state behavior. Negative
scans induce incremental redox peaks after successive cycles. In the inset: injection
current at forward bias decreases with cycling. Reprinted from (Carrillo et al., 2016).

Recent experiments performed on complete solar cells of planar structure
FTO/TiO/MAPDI;/spiro-OMeTAD/Au (Fig. 26a), and symmetrical
FTO/TiO/MAPDIS/TIOL/FTO and  Au/spiro-OMeTAD/MAPDI3/spiro-OMeTAD/Au
devices (Fig. 26d-e) have enabled progress in the role of interfaces on the capacitive
hysteresis and solar cell degradation (Carrillo et al., 2016). Two separate types of
reactivity sources (reversible and irreversible) have been identified:

(i) The formation of weak Ti—I-Pb bonds at the TiO,/MAPDI; interface that facilitate
interfacial accommodation of moving iodine ions. This interaction produces highly
reversible capacitive currents (Fig. 26b), without altering steady-state photovoltaic
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features. As observed in the central voltage window of Fig. 26b, capacitive currents
exhibit the expected square-like response previously described in Fig. 3.

(i) Chemical reaction between spiro-OMeTAD" and moving I which progressively
reduces the hole transporting material conductivity and deteriorates solar cell
performance. This reaction results in an irreversible redox peak only observable after
positive poling at slow scan rates (Fig. 26¢).

These results highlight the key role that interlayers used as selective contacts play on
perovskite solar cell stability, in addition to the intrinsic reactivity of the perovskite
materials (Conings et al., 2015). As an example of the dramatic effect of the contact
layers it is shown in Fig. 27 the performance of inverted type architectures (Fig. 2c)
using oxide and organic compounds. It is evident that oxide layers (NiOyx and ZnO)
improve the solar cell stability by protecting it against intrinsic, oxygen and water
reactivity (You et al., 2016).
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Fig. 27. Stability of the devices in an ambient environment without encapsulation.
Device performances of ITO/PEDOT:PSS/perovskite/PCBM/AIl (black) and
ITO/NiOx/perovskite/ZnO/Al (red) structures as a function of storage time in an
ambient environment (30-50% humidity, T=25 °C). Reprinted from (You et al., 2016).

Degradation of a  series of  devices in  the  configuration
ITO/PEDOT:PSS/Perovskite/PCBM/Metal has recently been studied using a range of
different top metals (Guerrero et al., 2015). Degradation readily occurred after
illumination in the gloveblox during 2 hours obtaining S-shape J-V curves for devices
prepared with either Ca, Al, Ag or Au. Different techniques were used to understand the
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degradation processes and all pointed to interfacial degradation which was introducing a
source of series resistance that was promoting interfacial recombination processes. In
particular, devices showing an S-shape measured in the dark after degradation did not
change significantly the doping density indicating that the bulk properties of the devices
had not significantly changed. More intriguing was the fact that the Vy, shifted towards
negative values for degraded sample indicating that the interface equilibration with the
perovskite semiconductor was being modified, see Fig. 18. Measurements under light
conditions further shifted Vi, towards negative values pointing to generation of light
induced dipoles at perovskite/contact interface. Alternatively, a top metal based on
Cr,03/Cr enhanced the stability against corrosion and no S-shape was observed. Results
from C-V did not show significant shifts in Vg, for fresh and degraded devices either in
the dark of light and the most relevant result was a moderate increase in the doping
density of the perovskite layer for degraded device.

Trap-induced degradation of perovskite solar cells has recently been reported where a
large density of hole traps is formed by continuous solar illumination strongly limiting
the device stability (Qin et al., 2016). In the experiment devices in the configuration
ITO/PEDOT:PSS/Perovskite/PC,oBM/LIiF/Al are prepared. Processing of the perovskite
layer takes place either in air or nitrogen and initial efficiencies are very similar. Whilst
efficiencies of devices prepared in nitrogen environment only decay about 10 % during
the first 500 h devices fabricated in air reduce the efficiency up to 90% in the same
period of time. To investigate the degradation origin the carrier traps were analyzed
using the thermally stimulated current (TSC) measurement. In this technique, carrier
traps in a cooled device at 77 K are filled with carriers injected from the electrodes
under a small forward bias. By gradually increasing the temperature at a constant rate
under a small reverse bias the trapped carriers are then released and collected. Fig. 28
displays the TSC curves of device fabricated in air before and after degradation by 500 h
of illumination. Whilst fresh device does not show any peak in the TSC curve two peaks
are clearly observed at temperature of 161K and 213 K for the degraded device
originated from the release of carriers from the trap sites. Hole-trap depths of 0.32 and
0.42 eV are calculated from the low and high-temperature TSC, respectively. Generation
of these trap states acts as a recombination center reducing the device efficiency. The
authors concluded that water molecules included in the CH3NH3Pbls layer were
responsible for both TSC signals. However, the precise mechanism in which these traps
are generated is still unclear and could indeed be a case of reactivity at the contacts.
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Fig. 28: TSC curves of devices in the configuration

ITO/PEDOT:PSS/Perovskite/PC,oBM/LiF/Al fabricated in air before and after
degradation by 500 h of illumination. Reprinted from (Qin et al., 2016).

8. The light capacitances

As commented before in Fig. 12 and Fig. 14, under illumination the low frequency
capacitances in perovskite solar cells undergo a very large increase, that is observed to
depend linearly on illumination (Juarez-Perez et al., 2014). Since measurements of a
number of cells have been independently reported (Yang et al., 2015,Li et al.,
2016,Zarazua et al., 2016), the photoinduced capacitance is established as a normal
property of lead halide perovskite solar cells. The measurements indicate that this
property occurs irrespective of type of contacts (symmetric, asymmetric, nanoporous...),
however the specific features are dramatically changed by contacts as is evident in Fig.
11, which shows a connection between low frequency capacitance and amount of
hysteresis (Kim et al., 2015).

Different explanations have been presented in the literature to rationalize the
photoinduced giant capacitance at low frequency: (a) A change of electrode polarization
capacitance. This will be associated to an increasing concentration of mobile ions,
caused by the excess electronic carriers. (b) A change of the bulk polarizability. In this
model there occurs an enhancement of the elementary dipole in the perovskite
octahedral cage caused by light generated carriers (Wu et al., 2014). (c) A change of the
chemical capacitance, homogeneously in the bulk perovskite layer (Yang et al., 2015).
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Fig. 29. Capacitance spectra measured in open-circuit conditions for different
illumination intensities of 300 nm-thick solar cells of structure FTO/TiO,/FAPDI;.
«Clx/spiro-OMeTAD/Au, where FA is CH(NH,), between 100 mHz and 1 MHz. Dark
response at zero-bias is also shown. Reprinted from (Zarazua et al., 2016).

As commented above, recent measurements using a variety of methods such as
voltage cycling and capacitance spectroscopy point out that the low frequency
capacitance in the dark is associated to ionic pile up at the interface (Almora et al.,
2015). However, a large rise of the total measured capacitance is prevented by any series
capacitor. In the case of ionic space charge, capacitance is limited by the Helmholtz
capacitance situated in series, so that one does not expect values substantially higher
than chm‘z. The low-frequency capacitance increase observed in Fig. 29 greatly
exceeds the mentioned Helmholtz capacitance limit, so that it is unlikely that this large
capacitance can be interpreted in terms of the diffuse ionic double layer. Therefore it is
reasonable to assume a parallel pathway in which electronic photogenerated carriers
form a large interfacial capacitance. (Li et al., 2016) assumed that the enhancement of
capacitance originates from native defects and their accompanied defect dipoles which
need to be activated by photogenerated charge carriers.

Another type of electronic interfacial effect has been suggested by (Zarazua et al.,
2016) that is supported by some experimental evidence. At semiconductor surfaces, very
large electronic interfacial capacitance is possible in the domains of accumulation and
inversion, as there is no limit to the packing of electrons in a short distance at the
vicinity of the contact.
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Fig. 30. Energy diagram for electron selective contact to the semiconductor absorber
layer at open circuit conditions. (a) Depletion layer at equilibrium. Generation of
minority carriers produces flatband condition (b) and further accumulation (c) of
majority carrier. The total open circuit voltage is the increase of minority carrier Fermi
level that corresponds to total change of surface vacuum level as V. =VI% +v2%,
Reprinted from (Zarazua et al., 2016).

Taking for example the p-type semiconductor surface, the conduction band bends
upward at the surface and penetrates the Fermi level, as shown in Fig. 30. The charge
per unit surface is Q =gpyLpFs (Monch, 1993), where p, is the bulk carrier density
corresponding to dopant density, F ~/2e9V/2KeT \where qV corresponds to local
separation of vacuum level (VL) from bulk value. The Debye length is given in Eq. (7).
For the capacitance we find the standard expression

1/2
C :d_Q:M £réo edV / 2kgT (12)
Sdv Y2 | kgT

Accumulation capacitance is in fact very common in transistor and metal-insulator-
semiconductor devices (Sze, 1981), although the measured capacitance is limited by the
series connection of the oxide dielectric capacitance. In a perovskite solar cell, the
accumulation region will be connected by two conducting regions (perovskite and oxide
semiconductor), so that in principle it can take very large values. (Zarazua et al., 2016)
It was reported that low-frequency capacitance values increase proportionally with the
light intensity, and are also proportional to the perovskite layer thickness. The
observation of these two proportionalities (light intensity and film thickness) constitutes
a direct proof that the surface capacitance charging is made up of photogenerated
carriers coming from the absorber bulk. In addition the capacitance dependence on
voltage shows the characteristic slope of 1/2kgT for solar cells with different absorber
perovskite thickness, in agreement with the accumulation capacitance expression (12).

Conclusion

The analysis of perovskite solar cells using impedance spectroscopy, time transient
decays, and voltage cycling, shows that the phenomenology is extremely varied and
complex but nonetheless it is possible to identify some trends of the equivalent circuit
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elements of the solar cell devices. There is a large impact of ionic accumulation at the
interface in the low frequency response, and furthermore the ionic transport produces
temporary and even permanent modifications of the interface of the perovskite with
charge extraction layers, that cause phenomena as hysteresis and degradation.
Capacitances at high frequency indicate bulk relaxation phenomena but under applied
bias they can be related to a depletion capacitance. A widely reported observation of
very low frequency capacitance with illumination has been attributed to electronic
accumulation capacitance at the perovskite/contact interface. It is stressed then that
hysteresis effects are originated by local charging at the contacts, either ionic as
observed in dark responses (Fig. 15), or electronic through the formation of light-
induced accumulation zones (Fig. 29). These mechanisms are both largely confined
within a short extent near the contacts (~10 nm) introducing a local modification of the
electrical field. These observations pave the way for a fuller understanding of dynamic
characteristics of perovskite solar cell that will require insight about the meaning of
resistances.
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