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The spectacular and unprecedented rise of so-called perovskite
solar cells (PSCs) in conversion efficiency with low-cost
manufacturing processes has grabbed the attention of the scientific
community in the field of photovoltaics during the last four years.
The inclusion of perovskite type absorber materials, typically
CH3;NH;Pbl;, has been the key factor for the development of
this emerging technology that has created great of expectations.
However, many poorly understood aspects of its operating modes
still need convincing explanations. This paper provides a brief
introduction to the structure, materials and characteristics of PSCs.
In addition, some remarks about the stability of these devices are
provided and the state-of-the-art of several subjects of interest is
discussed, such as the hysteresis phenomenon of current-voltage
curves.

El espectacular y sin precedentes ascenso de las llamadas celdas
solares de perovskitas (PSCs, por sus siglas en inglés) en cuanto
a eficiencia de conversién con procesos de fabricacion de bajo
presupuesto ha acaparado la atenciéon de la comunidad cientifica
en el campo de la fotovoltaica en los dltimos cuatro anos. La
inclusion de materiales absorbedores tipo perovskita, tipicamente
el CH;NH;Pbl;, ha sido el factor clave para el desarrollo de esta
tecnologia emergente con la que se tienen muchas perspectivas.
Sin embargo, no son pocos los aspectos de su funcionamiento que
aun faltan por comprender. En este trabajo se brinda una breve
introduccién a la estructura, materiales y caracteristicas de las
PSCs. Ademas se comenta especialmente acerca de la estabilidad
de estos dispositivos y se discuten varios temas de interés como el
fenémeno de la histéresis de las curvas corriente-voltaje.

PACS: Efficiency and performance of solar cells, 88.40.hj; Organic-inorganic hybrid nanostructures, 81.07.Pr; Semiconductors thin films,

73.61.Jc; Reviews, 01.30.Rr.

I. INTRODUCTION

Photovoltaic (PV) technologies has received an incremental
attention during the last decades as one of the most feasible
options for humankind future sustainable development.
In fact, it has been recently suggested [1] that PVs will
account for 35% of the additional electricity generation
capacity installed globally by 2040. Nowadays, the current
largest contributor to Si module price now comes from cell
encapsulation [1]. Nevertheless, despite the manufacturing
optimization, the fabrication process is still complex and
expensive. Furthermore, it was only recently when a power
conversion efficiency (PCE) of 26 % was achieved for Si cells
[2] from a theoretical limit around 29 % [3].

Aiming at the reduction of costs and enhance versatility,
newer technologies have been developed such as typical
CdTe and CIGS thin film solar cells [4] or the so called
emerging technologies, for instance, dye-sensitized solar
cells (DSSCs) [5] and organic solar cells [6]. Nevertheless,
possibly the most recent and promising PV devices are the
denominated perovskite solar cells (PSCs), that in about
four years have already achieved PCE larger than 22 % for
laboratory cells [2] with a theoretical limit evaluated at 31 %
[7]. These results match the current record for CdTe thin
films solar cells, the second technology in the market and
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the one with lower manufacturing costs, which make the PV
community believe in a prompt overpassing by PSCs. This
is also endorsed by several potential applications such as:
building integration in windows with transparency and/or
colors, flexibility and high efficiency in tandem configuration
assembly silicon technology.

The perovskites is the denomination of a wide family of
materials with the general formula ABX, and the crystal
structure of the mineral perovskite, the calcium titanate
(CaTiO;). Figure 1 illustrate such structure where the A
cation is coordinated with twelve X ions and the B cation
with six. Thus, the A cation is normally found to be
somewhat larger than the B cation [8]. Several properties
have been found for these materials for many years, e.g.
ferroelectric, piezoelectric, ferromagnetic, antiferromagnetic,
thermoelectric, insulating, semiconducting, conducting,
superconducting and catalyst [9]. However, it was not until
2006 when PV application was first reported by Miyasaka and
co-workers for devices with methylammonium lead halide
perovskites CH;NH;Pb(L;, Br;) as absorber material, proving
less than 1 % of PCE for all solid-state cells [10]. These first
works and further optimizations by Park and co-workers
[11] resulted in the “perovskite phenomena” trigger when
in 2012 up to 10 % efficiency CH,NH,Pbl; [12] and mixed
halide CH,;NH,Pbl, Cl, [13] based solid-state devices were
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obtained.
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Figure 1. Generic perovskite ABX; crystal unit cell structure. In most typical
PSCs A is the organic cation CH;NH,, B is the metallic cation Pb and X' is
the halide anion (I, ClI, Br or mixed).

In the present work a first approach survey on the
structure, materials and characteristics of PSCs is provided.
Consequently, especial attention is paid here to the issue
of performance stabilization, which currently centers the
most of attention among researchers in the field. Moreover,
regarding the mechanisms behind the device operation, a
discussion on the anomalous phenomenon of hysteresis in
the current density-voltage (] — V) curve is presented, as well
as its relation with other behaviors such as the low frequency
capacitance [14] and the slow electrical material response
under light irradiation [15]. Note that the manuscript is also
intended to guide the readers throughout a selection of recent
high impact original papers and review articles, as well as
provide them with handy experimental data.

II. STRUCTURE OF PSCs

The PSCs structure basically consists in a light harvesting
perovskite sandwiched between electrons and holes selective
contacts. Several materials has been reported [16], however
probably the most successful and extensively studied
arrangement is that showed in Figure 2 where on top
of the fluorine-doped tin oxide (FTO)/glass substrate the
TiO, layer is grown, then the CH,NH,Pbl; perovskite
and later the spiro-OMeTAD. The metallic electrodes are
often made of gold in order to achieve better connections
with the load (Rrem), despite other non-precious metals
has been also explored [17]. Thus, in this regular structure
the light crosses the substrate throughout the glass and
the transparent conducting oxide (TCO), then first through
the electron-transport material (ETM) to be absorbed at
the perovskite, the hole-transport material (HTM) being
afterward in the light path.
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In some devices, variations in the regular structure have
been considered as the ETM (or HTM) free PSCs and the
HTM free PSCs. Particularly pointed by Meng et al. [18],
another important configuration is the inverted, where in
the same light path direction the sequence of layers is
glass/TCO/HTM/perovskite/ETM/counter-electrode [19]. In the
review by Zhou et al. [20] the characteristics of all of these
architectures are systematically analyzed.

Metallic electrode
I_I_l

HTM
(spiro-OMeTAD)

RLoad

ABX,
(CH;NH4Pbl,)

ETM
(TiO,)

Metallic
|_electrode

Substrate: TCO/glass (FTO/glass)

LTI

Light

Figure 2. PSCs most typical (regular) structure.

IL.1.  The electron transport material

As indicated in Figure 2, the role of ETM is usually played
by the TiO,. This material is transparent to visible light, has
low absorption and high refractive index (e.g. at A = 550
nm the refractive index and the extinction coefficient are
respectively n = 254 and k < 107* ) [21] and it mainly
occurs in three crystalline polymorphs: rutile (tetragonal),
anatase (tetragonal), and brookite (orthorhombic). The rutile
bulk phase is thermodynamically the most stable while
anatase is the most interesting for use in high surface area
photocatalytic and PV devices [22]. The anatase TiO, is
an indirect bandgap semiconductor that presents intrinsic
n-type conductivity [23]. The nature of this conductivity
comes from oxygen vacancies and/or titanium interstitials
and can be improved by the incorporation of shallow donor
impurities (e.g., Nb, F, and H) [24]. For the donor carrier
density of the order of 10'® cm™ has been reported [25,26]
and, interestingly, it has being pointed that the distribution of
these donors levels in the TiO, follows an exponential density
of states (DOS) bellow the conduction band [27,28].

Importantly, the layers of TiO, for PV applications can
be grown by many low cost techniques (e.g. spin coating
and spray pyrolysis [23]) obtaining crystalline films as
well as nanostructured coatings (e.g. nanotubes, nanosheets,
nanorods and nanofibers [29,30]) on top of the FTO. The work
by He et al. [31] comments on several TiO, nanostructures
for PSCs, despite that in regular structure it is presented in
two main configurations: (i) as a flat compact layer and (ii) as
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a mesoporous scaffold deposited on top of a planar compact
film.

Among the different alternatives as ETM some examples can
be mentioned: Al,O, [32-34], SnO, [35-37], ZnO [38-41],
710, [42,43] and carbon/graphene derivatives [44-46]. About
the latter, the works by Acik & Darling [44] and Covallini &
Delgado [46] are illustrative.

Nonetheless, particular attention is paid here to the fullerene
derivative PCBM, extensively used in organic solar cells
(OSCs) [47] and typically employed as n-type electrode for
the devices with inverted configuration. In its two flavours,
the [6,6]-phenyl-C-61-butyric acid methyl ester (PC,,BM) and
the [6,6]-phenyl-C-71-butyric acid methyl ester (PC,BM), the
PCBM film is deposited on top of the perovskite layer
constituting the interface with the counter electrode. For
this materials it is known that the relatively low electron
mobility and relatively big size molecules influences the
charge transporting and phase separation. Anyway, the
optimization of the electron’s selective extraction is currently
a priority via the development of new materials and/or
by modifying and/or mixing the already known ones. In
connection to it, we list the review by Yang et al. [48].

I1.2.  The hole transport material

The characteristic HTM that is deposited above the
perovskite in the regular configured PSCs is the
2,2'(7,7)-tetrakis-(N,N-di-p-methoxyphenyl - amine)9,9” - spiro-
bifluorene, earlier referred as spiro-OMeTAD (see Figure 2).
This organic semiconductor has been extensively studied
due to its applications as HTM in solid-state DSSCs [49].
In its pristine state, spiro-OMeTAD presents low intrinsic
hole-mobility and —conductivity that has been found to
increment the cell series resistance. Consequently the
material needs to be p-doped to increase the charge carrier
density. This occurs naturally during exposure to oxygen and
light (so-called photodoping), nevertheless, several chemical
dopants have been investigated to controllably oxidize the
material [50,51].

Alternatively, among those used as hole-selective contacts,
most of the reported materials are organics or hybrid
compounds, as summarized by Cali6 et al. [52]. As inorganic
HTMs we list here CuSCN [53, 54], CuO, [55], NiO, [41,56]
MoO, [57] and VO, [58], being CuO, the one with best
reported PCE, as highlighted in the survey by Rajeswari et
al. [59].

At this point we once more emphasize on the
predominant HTM in the PSCs with inverted structure:
the poly(3,4-ethylenedioxythiophene) (PEDOT) doped with
poly(4-styrenesulfonate) (PSS). The PEDOT:PSS is an oxidized
electro-chemically stable conjugated polymer that has
been extensively investigated given its applications in
OSCs and light-emitting devices (p-LEDs) [60]. Its
characteristic moderate transparency [60-62], that increases
with polarization [63], allows to deposit it on top of the
surface of indium tin oxide (ITO) letting the light pass for
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being absorbed at the perovskite, that is the next layer to be
deposited in the inverted configuration.

I1.3.  The light harvesting material

Among perovskites it seems that the presence of halides
is required when seeking PV applications, as pointed by
Li et al. [64], and until now it is CH;NH,Pbl; (referred as
MAPDI, in the next) the most representative in this field. As
systematically described by Stoumpos et al. [65], in its high
temperature o cubic phase, the methyl ammonium organic
cation CH;NH,, (MA)is A in the perovskite general formula
while the lead and the halogen are B and X, respectively (see
Figure 1).

The MAPbI; has been found to be a direct band-gap
semiconductor [19, 66, 67] with high absorption coefficient
(10* = 10° em™! in the visible range) [68, 69] and large
carrier mobility (¢ = 10? — 10° em?V~!s7!) [65, 69]. The
deposition of the material follows easy solution-based
fabrication processes, e.g. dip and spin coating [68,70], and
the layers can be obtained with good crystalline quality and
at relatively high reaction rates, even when processed at low
temperatures.

Importantly, the electrical intrinsic conductivity of MAPbI,
can be modified from p-type to n-type by controlling
growth conditions, i.e. by managing the concentration of
donor or acceptor shallow defects [71]. Calculated transition
energy levels of MAPDI; point defects in the literature
[72,74] have shown as dominant shallow levels close the
valence band edge: the vacancies of lead (Vp;) and methyl
ammonium (Vj4) and the antisite substitution of MA in
a lead site (MApp). On the other hand, the shallow levels
near the conduction band bottom are the iodine vacancies
(V1) and interstitial methyl ammoniums (MA;). Other deep
energy levels in the bandgap stand as Shockley-Read-Hall
non-radiative recombination centers, which reduce minority
carrier lifetimes, and therefore the open circuit voltage (Voc)
[75]; e.g. the donors interstitial leads (Pb;) and leads in iodine
sites (Pb;), and the acceptors iodines in methyl ammonium
(ma) and lead (Ipy) sites.

The tunable conductivity character of MAPbI; has produced
a significant scattering in the representation of the energy
band diagram of PSCs. In this context many studies
have determined the work function of the different
constituent layers via photoelectron spectroscopy and/or
the measurement of the contact potential difference at the
interfaces by using Kelvin probe force microscopy [27].
As result, and only citing a few examples, several works
[71,76-78] report that a p-n-n+ junction is formed by the
p-HTM and the both n-type ETM and MAPbI;, considering
the depletion region towards the perovskite/HTM interface.
Some other authors [26,71,79,80] have found a p-p-n junction
considering a p-type MAPbI; with the consequent space
charge region towards the perovskite/ETM interface. And
a third group of publications [6, 81, 82] supports that a p-i-n
junction, with intrinsic MAPbIL;, takes place in some PSCs.
Anyway, it is clear that the fabrication procedure and the

60 ARTICULO DE REVISION (Ed. O. de Melo)



interface engineering directly affects the conductivity, e.g. in
the study by Wang et al. [83] a quantification of this effect
with respect to the precursors concentration and the thermal
annealing is made. The three possible situations for the band
diagram in equilibrium short circuit condition are presented
in the Figure 3.

HTM
(Spiro-
OMeTAD)

ABX,
(CH3NH,Pbls)

Metal
Electrode

ETM
(Tio2)

Figure 3. Representative PSCs energy band diagram in equilibrium short
circuit condition. The different conductivity types found for MAPbI, are
displayed with its respective charge separation paths. No band bending
nor dipole layers were considered and only the band-gaps (color squares
height) are scaled in an approximate alignment with the Fermi level (Ef).

Remarkably, an early work by Noh et al. [84] demonstrated
the fabrication of colorful PSCs via band-gap tuning.
Subsequently, new investigations on tunable structural color
[85, 86] and neutral-colored devices [87, 88] have come
out. These are important contributions towards building

applications, such as in replacing windows, roofs, and
even walls. Regarding the general performance, and as
pointed in the early work by Yin et al. [89], the two
other most characteristic perovskites are the hybrid halide
CH,NH,Pbl; ,Cl, and the formamidinium (FA) cation
composed HC(NH,),Pbl, [90]. About the former, the chlorine
incorporation has been found to mainly improve the carrier
transport across the heterojunction interfaces [91] while
in FAPbl;-based devices a broader absorption toward the
infrared region [92] has been obtained. In this sense, the
bandgap engineering is a clear pathway for augmenting PCE;
for instance, band-gaps of have been reported [93, 94] by
using tin compounds like MASn, Pb,_ I, and MASnI,, which
is within the ideally optimal band-bap range (1.1 — 1.4 eV)
for a single-junction device [95].

Furthermore, the development of lead-free PSCs is another
crucial issue aiming at avoiding the risks due to the toxicity
of Pb. Here three important alternatives can be highlighted
as the most promising: (i) tin-based perovskites and (ii)
antimony- and bismuth-based perovskites [96]. The use
of ASnX; compounds has demonstrated improvement in
stability and theoretical studies point out that an absorption
coefficient similar to that of MAPbI; can be obtained. The
Sb™ and Rb-based perovskites, on the other hand, has been
proposed for high-bandgap PV application. A recent review
by Shi et al. [97] deals with these subject.

Supplementing the above discussions and as a handy tool
for practical use in the modeling and general comprehension
of PSCs, the Table 1 present a summary of experimental
parameters for the set of materials often used in this kind
of devices.

Closing this section we recommend the work of Habibi et
al. [134] for considering the fabrication and optimization
of the absorber materials. Also the paper by Xinzhe et al.
[135], that summarizes the recent progress in the synthesis of
low-dimensional perovskites.

Table 1. Some experimental reports from literature on bandgap energy E,, work function @, electron affinity x,, and room temperature dielectric constant
¢, for several materials typically used in PSCs. Here @ and x,, are given in absolute values with respect to the vacuum level.

Materials Role E, (o) Xn =
eV ref. eV ref. eV ref. - ref.
FTO TCO 4.0 -4.5[98,99] 4.4-5.0[100,101] 5.6 [100] 3.7 [99]
ITO 3.5-4.0[102,103] 4.4 -481101,102,104] 4.1-4.5[103] 4.0 [105]
TiO, ETM 3.2 [23] 3.7 -4.2176,106] 3.6-4.1[23,76] 18-22 [26]
PCBM 2.1[107] 4.4-5.0[108,109] 2.7-42[110,111]* | 3.4-3.9[112,113]
Spiro-OMeTAD HTM 3.0 -3.6[4,50] 3.9-52[114,115] 2,11 [4] 3.0 [116]
PEDOT 15-2.11[61,117] 49-53115,118,119] | 2.7-3.0 [117,120]" 3.5[121]
MAPbDI, Light 1.51 —1.61[65,67] - - 3.9-4.8 [122,123] | 22-35[19,124,125]
MAPbI,_ CI, Absorber | 1.57 —1.74[126,127] - - 3.9 [123] 18-29 [125,128]
FAPbI, 1.48 —1.52[19,65,127] - - 4.2 [129,130] 47-49 [130,131]
Ag Metal - - 4.8-5.2[81,132,133] - - - -
A, Contacts - - 4.3-4.4 [81,132,133] - - - -

“Measurements made via cyclic voltammetry where a correction of LUMO relative to the vacuum level (—4.44 eV) is

considered for the electrochemical scale.
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III. DEGRADATION AND STABILITY OF PSCs

Early structural studies by Stoumpos et al. [65] stated that
although MAPDI, is stable in air for months, meaning that
its bulk properties are retained, an important surface effect
take place given that it is affected by humidity and lose
their crystalline luster after a couple of weeks. MAPbI,
degradation in humid air proceeds by two competing
reactions: (i) the generation of a MAPbI; hydrate phase
by H,O incorporation and (ii) the Pbl, formation by the
desorption of CH,;NH,I species [136]. Subsequently, loss of
CH,;NH,, and I" species and decomposition into PbCO;,
Pb(OH),, and PbO take place [137]. Illustratively, Noh et
al. [84] reported an exposition to relative humidity of 55 %
during 24 hours at room temperature as critical for the
MAPDI, stability, which could be observed by an abrupt drop
of more than the half of the performance efficiency in devices
and a remarkable color change from dark brown to yellow.
This feature can be observed in Figure 4.

———

Figure 4. PSC before (dark brown on the left) and after (yellow on the right)
long term degradation by exposure to normal environment conditions (air,
dark, humidity of 25-40 %). The cell in the middle, with intermediate degree
of degradation, shows the characteristic appearance of yellow dots.

Also the temperature plays an important role: while MAPbI,
has a reported decomposition temperature of 300°C [66],
the decomposition to Pbl, at surfaces or grain boundaries
has been found to occur at much lower temperatures as
150°C [138] and even 105°C [139]. More worrying, MAPbI,
presents two crystalline phase transition around —-111°C and
57°C, from orthorhombic to tetragonal and from tetragonal
to cubic, respectively [65, 66, 140]. Regarding the first, the
work by Jacobson et al. [141] discarded space applications
due to the drastic PCE reduction toward the orthorhombic
phase; while also recommended room temperature as the
most profitable. On the other hand, considering that under
sunny summer days the panels can reach over 80°C, the
crystal instability of MAPbX; (X-Cl, Br, I) has gained the
attention of several studies, as summarized by Niu et al. [142].

Anyway, there is still extensive research ongoing to
understand the different and dominant PSCs degradation
pathways, but clearly it was the moisture possibly the first
major factor identified to affect MAPDI; stability in PSCs
[143]. For preventing this, a primary strategy has been
focused on the guarding and protecting of the absorber from
external assaults by developing specialized functional barrier
structures [144].

REVISTA CUBANA DE FiSICA, Vol 34, No. 1 (2017)

62

Nevertheless, provided the material is properly encapsulated
(or measured in lab conditions under inert atmosphere)
devices are still unstable. In particular, it has been shown
that ionic transport induced by the electrical field can lead
to the chemical reactivity of the external contacts with iodide
ions [145, 146]. In addition, it is still not totally clear as
whether MAPDI, is photostable [147].

Furthermore, the role of selective contacts on stability seems
to be serious. For instance, an earlier study by T. Leijtens
et al. [148] identified a critical instability in mesoporous
TiO,/MAPbL,  Cl,  arising from light-induced desorption
of surface-adsorbed oxygen, which was not present in
meso-TiO, free devices. On the other hand, J.A. Christians
et al. [149] found superior photocurrent stability when
substituting spiro-OMeTAD by Cul. Also a tetrathiafulvalene
derivative (TTF-1) as HTM was introduced by J. Liu et
al. [150] as a stability improver. A more central change in
the device architecture was proposed by S. Aharon etal. [151]
who obtained best stability with FAPbI, as absorber material.
The role of interface in stability is nicely reviewed in the
article by Manspeaker et al. [152].

Humidity
Drift
of ions 6%589
HTM | 2
7%
G) ABX;
4
ET™ 5 Diffusion
of species

Temperature H and reactivity

Figure 5. Main contributing factors in the degradation processes of PSCs.

Instructive reviews are also provided by Shahbazi &
Wang [153], where the metals penetration is particularly
mentioned, and Wang et al. [154], that underlines the
standardization of testing protocols. More recently, the
mini-review by Qin et al. [155] comments on the latest
improvements that present up to 3000 hours stable PCE.
Figure 5 summarizes the above noted main elements
involved in degradation and instability of PSCs. These factors
mutually complement each either and the path for the devices
stabilization is to avoid their conjunction, or individual
excess.

IV. HYSTERESIS OF PSCs

The current density-voltage (J — V) characterization
constitutes a fundamental tool for understanding the
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solar cells operation; and its performance under standard
illumination conditions (air mass AM1.5, P;, = 100 mW-cm™2
[156]) is the established standard method for measuring the
solar to electricity power conversion efficiency:

Pmax
PCE = —,

P in
being P, the maxim attainable output power from the
device (extracted from the | — V curve). Among the most
basic and widely used models for describing PV devices ] -V
curves is that of equation [156,157]:

qv

J=17s (eXP [mk_BT - 1] - 1) - ]ph/
where J; is the saturation current density (A-cm™2, where the
area is that of the electrodes); g is the elementary charge;
kgT is the thermal voltage, m is the dimensionless diode
ideality factor; and ], is the photocurrent (A-cm™2, where the
area is the light-absorbing). Each one of these parameters, in
addition to others not included in equation 1 (e.g. series and
shunt resistances), describes different mechanisms whose
analysis constitutes a powerful tool for understanding the
complete device.

)

@

Typically, for obtaining the experimental patterns that
equation 2 describes -and hence calculate PCE via equation
1- a bias is applied across the device terminals sweeping
the proper voltage range while current through an external
circuit is been measured in the steady-state power output
condition. However, it seems that such steady-state power
output condition is not so easy to hold for MAPbI;-based
solar cells.

As described in the early work by Snaith and co-workers
[158], the hysteresis phenomenon consists in the appearance
of different | — V curves depending on the scan direction
and rate at which the bias is swept. For instance, as in
Figure 6, we can label FR (forward to reverse) to the scan
direction from open circuit to short-circuit and RF (reverse
to forward) to the opposite bias sweep. In that convention
it is apparent that the maxim output power when FR is
larger than the corresponding in RE as illustrated with
the corresponding squares Pyurr < Puarr in Figure 6.
Consequently, the reliability of the efficiency reports is not
warrantied. Among the subsequent important contributions
to the phenomenon description, Unger and co-workers
[159] concluded that measurement delay time, and light
and voltage bias conditions prior to measurement can all
have a significant impact upon the shape of the measured
J — V curve, and by utilizing alternative selective contacts
found that the contact interfaces have a big effect on
transients in MAPbI;-absorber devices. More successive
descriptions and typical behaviors were reported, as nicely
summarized by Ravishankar et al. [160]. Still without
the proper understanding of the mechanisms behind this
phenomenon, a first necessary step was to suggest special
measurement protocols for avoiding unfeasible PCE reports.
About this latter issue, the works by Kamat and co-workers
[161] and Schmidt-Mende and co-workers [162] are of utmost
significance.
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Figure 6. PSC J—V curve in both bias scan directions (50 mV-s~1) under 100
mW-cm~2 (AM1.5G) of illumination. The red (blue) gray square illustrates the
corresponding maximum output power for the RF (FR) bias scan direction.
The absolute current in the range between open circuit and short-circuit is
often large when FR than when RF.

Regarding the clarifications for the hysteresis, Snaith and
co-workers [158] first proposed three possible explanations:
(i) filling and emptying of trap states, (ii) migration of excess
ions, as interstitial defects (iodide or methylammonium),
and/or (iii) ferroelectric effect. Accordingly, a lot of research
contributed, and attempt to contribute yet, with evidence
supporting one or another issue. However, at this point the
most general criteria agreed in the cooperative confluence
of dynamic and complex interactions between (i) electronic
trapping and (ii) ionic mechanisms, leaving the (iii)
ferroelectric effect as a possibly negligible factor.

Yet, favouring the ferroelectric behaviour, for example, Chen
et al. [163] affirmed that the greater magnitude of hysteresis
in the case of a planar heterojunction and Al,O, scaffolds
in comparison to mesoporous TiO, structures indicates the
significance of the bulk property of perovskites rich in
ferroelectric domains as an origin of hysteresis. A theoretical
support to this hypothesis was afforded by Frost et al.
[164,165] through ab initio molecular dynamics numerical
simulations and also by Wei et al. [166] that interpreted the
scan range and rate dependency as it is well explained by the
ferroelectric diode model.

Other of those milestones worthy of mention in this race
for the truth behind hysteresis, is Kim & Park’s suggestion
[167] that the origin of hysteresis is due to the characteristic
capacitance C of MAPDbI, by correlating the amount of
hysteresis with the size of perovskite and mesoporous TiO,
layers thickness. In other direction, Sanchez et al. [168]
showed that the hysteresis is enhanced at high sweep rates
(scan velocity dV/dt ), and hence it could be a capacitive
current effect:

dQ

av
]cap = E

=C—.,

®)
which is a widely recognized feature in liquid electrolyte
dye solar cells (DSCs). Importantly, as in equation 3, ]
can be negative or positive depending on the charging or
discharging given by the bias scan direction. In addition,
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Almora et al. [169,170] studied the ], capacitive trend, but
in dark conditions, linking the hysteretic behaviour with
the capacitance excess observed at low frequencies, that
correlated with ionic electrode polarization (see Figure 7).
In addition, they checked the charging response of thick
MAPDI, pellets revealing an interfacial double layer electrical
structure formed by mobile ions at non-interacting Au
contacts [171].

10°F  \ % Dipolar

— F ) 1 1

WE " Electrode o%MPolar{zatlon

S 10° k& Polarization
L E
Z; C Transition to C,, °¢\
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Figure 7. PSC capacitance spectrum measured via impedance
spectroscopy in dark conditions, in short-circuit, at room air and
temperature. Three main regions are indicated.

They also found that non-hysteretic samples (inverted
structures) have not such capacitance increase at low
frequency and furthermore identified non-capacitive
hysteretic currents possibly related with reversible reactivity.
In that formulation the curve was proposed to follow the law

)

where o is the operation current, typically described by
equation 2, and Juon-csp can be assimilated to a step-like
behavior

] = ]oper + ]cap + ]nonfcap/

1
9V - Vo))] , 5)

]non—cap = Juem |:1 + eXP( ks T

that attains [, for positive potentials V' > V. The
characteristic voltage V| establishes the current onset and
is related to a reaction potential.

Nevertheless, other more complex capacitive mechanisms
actually occurs, and extra terms could be added to equation 3,
suchas VdC/dt. That's why linear trends in ], as a function of
scanrates = dV/dt canbe only obtained at short-circuit or low
applied voltages. The thing is that time-changing capacitance
was also pointed by Almora et al. [124] to behave similarly
to the hysteresis in the curve, i.e. the capacitance evolve with
the applied voltage. This, for instance, particularly hinders
the performance of Mott-Schottky analysis. But despite this
approach was clarifying, the nature of the processes that rule
the capacitive features need further explanations.

Moreover, Tress and co-workers [172] argued, from their
study on | — V curve rate dependency and transient

REVISTA CUBANA DE FiSICA, Vol 34, No. 1 (2017)

64

photocurrent, that the hysteretic behavior in timescales
of seconds to minutes is most likely due to ions,
which accumulate at the interfaces of the electrodes
and screen the applied field independent of illumination.
This was supported by conductance measurements by
Beilsten-Edmands et al. [173] that specifically rejected the
ferroelectric effect idea. Extra theoretical agreement was
provided by van Reenen et al. [174] who achieve hysteresis
in his modeled | — V characteristics by including both
ion migration and electronic charge traps, serving as
recombination centers in a numerical drift-diffusion model.
Also Richardson et al. [175] used simulations to join electrons,
holes and defect mediated ion motion and obtain hysteretic
J — V patterns with the inclusion of the preconditioning
procedures.

B. Chen et al. [176] reunited several evidences to explain that
J — V curve hysteresis should be due to two main processes:
(i) capacitive effects associated with electrode polarization
that provides a slow transient non-steady-state photocurrent
and (ii) modification of interfacial barriers induced by ion
migration that can modulate charge-collection efficiency so
that it causes a pseudo-steady-state photocurrent, which
changes according to previous voltage conditioning. As they
point out, both phenomena are strongly influenced by ions
accumulating at outer interfaces, but their electrical and
photovoltaic effects are different: while the time scale for
decay of capacitive current is on the order of seconds, the
slow redistribution of mobile ions requires several minutes.

Finally, in the recent work by Bisquert and co-workers [160] a
model was formulated based on the accumulation of surface
electronic charge at forward bias that is released on voltage
sweeping, causing extra current over the normal response.
The charge shows a retarded dynamics due to the slow
relaxation of the accompanying ionic charge, that produces
variable shapes depending on scan rate or poling value and
time. The equation of work for this surface polarization
model is a particular case of equation 4 and can be written as

av

J=] oper T Cace -

T (6)

where the accumulation capacitance C,. is specified as a
function of the surface polarization voltage V:

coZ q [2e0epo ox qVs
acc = y ksT P kaT ’

being py the background hole density, epe the dielectric

permittivity and y a parameter ideally close to 2. Moreover,

Vs is a function of the constant built-in voltage and the
applied voltage, V, = V - V;, hence dV/dt = dV/dt.

@)

V. CONCLUSIONS

The inclusion of hybrid lead halide perovskites like MAPbI,
has been the key element for the fast emergence of
perovskites solar cells. Next imminent steps are oriented to
the optimizations of selective contact materials and structure
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in general seeking the proper balance between performance,
stability and production costs pursuing industrial scalability.
About the origins of the current density-voltage curve
hysteresis, further investigation needs to be done in order
to clarify it. However, it seems that capacitive currents
related with both electronic and ionic processes are the main
responsible for such behavior.
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