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Role of Fractals in Perovskite Solar Cells
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Abstract

The interface engineering plays important role in fabrication of the tandem and
perovskite based solar cells. Recent experiments show that the interface effects
caused by the coupling of the electron bands and the pairing of geometry of contacting
surfaces. In particular, it has been experimentally revealed that the transition
from planar to the rough interface improves many photoelectric parameters of the
device. It means that the value of the fractal dimension of the interface may be key
factor in device performance. It is possible to formulate two problems: firstly, the
understanding on simple models why the electrical properties at fractal interfaces
are improved, and, secondly, to discuss one of the most promising approaches in
modern electronics, namely technology of radiation applications in the creation of
rough interfaces. Thirdly, the problem of photodegradation is analyzed in detail in the
structures containing the fractal interfaces. On the basis of the constructed models,
it was found: 1) increase of roughness (fractal) of interface structure can enhance
the role of total internal light reflection effect, thereby increasing the effective light
path, and therefore, the number of generated e-h-pairs; ii) the curvature of the surface
leads to the shift of Tamm levels both to the borders of allowed bands, and to the
middle of the band gap; it opens the way of the control of carrier recombination on
the interface; iii) surface Tamm orbitals interact differently each with other on the
convex and concave areas; it leads to the different probability of defect formation and,
consequently, reduces the fractal interface, inhibiting the effect of increasing of the
photocurrent associated with the fractal interface (new channel of photodegradation).

1. Introduction

[6], thermodynamics and electronics of defects [7],
homologous composition of perovskites [8], the

Thin film photovoltaic materials on the basis
of polymers and tandem structures have attracted
much attention due to their flexibility, environmen-
tal safety and low cost. However, to compete with
silicon based solar cells, conversion efficiency and
stability of organic and tandem solar cells need con-
siderably to be improved. This concerns, in particu-
lar, perovskite based solar cells, whose conversion
efficiency has been monotonically growing during
last 3—4 years [1-3].

Fabrication of highly efficient solar cells (SC) on
the basis of organic-inorganic perovskites requires
basic studies related to such issues as the physical
and chemical aspects of cell morphology [4], the
architecture of device structures [5], stability and
degradation of photovoltaic materials and devices
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role of the organic component of perovskites [9],
mechanisms of photophysics [10] in organic and
tandem structures.

All these issues can be classified as the "problem
of interface engineering for photovoltaics" [11]. In
this paper we address the problem of rough interfac-
es in the charge dynamics and conversion efficien-
cy of the perovskite based tandem solar cells. This
problem is of special importance for perovskites
because of their multi-component nature. Earlier, in
the study of similar problem in thin film silicon solar
cells, it was found that the surface “landscape” plays
important role causing the multiple reflection of the
light [12]. Similar effects in organic-inorganic per-
ovskite solar cells was studied in [13], where the
cells with rough interface surfaces were fabricated.
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In particular, in [13] additional power conver-
sion efficiency should be gained without increasing
the thickness and the complexity of the devices for
practical applications. This result has been checked
in [13] on 20 samples. A rough interface between
perovskite and hole-conducting material (HTM)
was fabricated in perovskite solar cells to enhance
the light scattering effect and improve the charge
transport [13]. The parameters related to the mor-
phology have been systematically investigated by
sequential deposition. The control of the roughness
degree of the interface was realized by two ways:
a) reaction temperature control and b) pre-wetting
time control (see Fig. 1). Simultaneous enhance-
ments of short-circuit current and power conver-
sion efficiency were observed in both CH;NH;Pbl;
and CH;NH;Pbl; Cl, devices containing the rough
interface, with power conversion efficiencies of
10.2% and 10.8%, respectively, besides the en-
hance of short-circuit current was more than 13%.

Here it is important to note that the increase of
the total surface intrinsic for the fractal interfaces
should decrease the current through the device,
since the interface has the electron traps. However,
it is in contradiction with the experimental results
of [13]. This may imply that the fractal structure on
the interfaces play important role. Therefore, the
theoretical analysis of such structures and their role
in photovoltaic conversion is important for deep
understanding of the mechanisms for charge carrier
generation and dynamics.

These theoretical and experimental results give
an efficient and universal way to control the mor-
phology and further optimize perovskite solar cells
for devices by sequential deposition with various
structures.

2. Light passage through the fractal interface

The interaction of electromagnetic waves with
the fractal ("rough") surfaces has attracted much

(@)

attention earlier within the different models. How-
ever, the geometric structures of the rough surfaces
considered in these models are very far from that of
the perovskite cells studied in [13]. Therefore we
consider a simple model of the "perovskite parti-
cles/HTM film" interface, which is more close to
the interface structures studied by SEM method.
Let us assume that the interface contains the tightly
contacting perovskite balls with radiuses R and the
dense HTM film. The light beam falls vertically on
the interface inside perovskite cell from the side of
balls (see Fig. 2). It is obvious that there is a dis-
tance p* = ¥, measured from the central diameter of
the ball (see Fig. 2a), further, which the light beam
undergoes the total internal reflection and remains
inside the perovskite. From the simplest construc-
tions the following expression for the part of total
interactions of parallel rays with the spherical sur-
face of the perovskite ball, when the light rays re-
main in the ball and cannot transit into the HTM

3
film can be obtained: F =(1—772)5 (here # = sin o
is the light refraction index in the transition from
the more dense medium of perovskite into the less
dense HTM medium).

Now suppose that the interface is formed from
the ellipsoidal perovskite particles (with semi-axes
a, b, c = b) and the HTM film (Fig. 2b). The cal-
culations for ellipsoidal particles similar to that for
the spherical particles allow ones to obtain the part
of rays falling initially parallel to the major axis
of the ellipsoid but undergoing the total internal
reflection: ﬁ:§3/2(l+22)% ; here Z=(%)Cfga*-
It is important to note that in the case of the spher-
ical particles (a = b) the expression for F trans-
forms into that for /. Therefore, we can conclude
that in the case of the surface constructed from the
ellipsoids, the probability of total internal reflec-
tion of light beams is greater than in the case of
spherical particles of perovskites. From this con-
clusion it follows that the number of electron-hole

Fig. 1. Scanning electron microscope images of cross-sections of perovskite/HTM interface: a) planar, b) rough relief.
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Fig. 2. Schematic representation for the total internal reflection inside the round (a) and ellipsoidal (b) particles of
perovskite; in the case (b) the shaded area is greater than in (a) (Y % > T % ] , which corresponds to the larger number of

generated e-h-pairs for the ellipsoidal particles.

pairs generated per one second in the subsurface
particles of perovskite increases with the growth of
the roughness of the interface. Of course, this leads
to the increase of the current through the interface.
Note that these results are in agreement with the
concept of "true fractal interfaces". Indeed, as the
result of technological operations, the large set of
perovskite particles with varying degrees of ellip-
ticity (i.e. with different relation < ) is presented
at the interface. If we introduce the idea about the
a—>b

a+b

then at the small degree of deformability we obtain

value of the deformability of particles 7 =2

b

.% ~1+ . In this way, in the expression for F we

can introduce the dependence on g , and then we
consider it distributed in agreement with the frac-
tal laws. This case corresponds to the change of the
shape of perovskite particles under the influence of
some type of technology, but with the preservation
of its volume. Thus, we can assume that the growth
of the fractal dimension (roughness) of interface
causes the decrease of the current due to the en-
hanced electron-hole recombination at the interface.

3. Influence of surface roughness of interfaces
on the passage of the photocurrent

Effect of fractal interface on the electronic pho-
tocurrent through it can be interpreted on the basis
of two ideas. The first idea is related to the feature
of the scattering of the electron de Broglie waves
on the fractal interface. The simplest variant takes
into account the broadening of interface with in-
creasing of its roughness described by the average
variance . The analysis shows [14] that the coef-
ficient of wave reflection from the barrier decreases

with increasing of fractal dimension: d(R%D <0 .

The second idea is related to the interesting effect
of the dependence of the depth of Tamm states at
the interface from the curvature of the surface [15].

Indeed, for the crystal surface with significant ionic
character (for example, the perovskite), the gap be-
tween the electron Tamm levels of cation and anion
increases with the value of the Madelung surface
energy Eg, = 2Vs-const. In the framework of this
approach, the prevailing role have in [13] the con-
cave areas of interface. It is clear that the convex
areas corresponding to the deficit of Madelung en-
ergy have smaller bands, while concave ones with
higher Madelung energies have larger bands. Con-
sequently, there is a tendency for the deep traps on
the convex parts of the interfaces to be moved to
the middle of the band gap (the ability of enhanced
recombination), while the deep levels are shifted
to the boundaries of zones on the concave areas and
are now the trapping levels (reducing recombina-
tion capacity) (Fig.3).

In the case of fractal interface, the total com-
bined effect should be described on the basis of the
so-called two-scale multifractal [16], witch takes
into account both the different lengths of convex
and concave regions and their different curvatures.

EMSg é 1}:05; ;E1SgI b)
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Fig. 3. (a) convex and concave areas of rough (fractal)

surface (solid line) and the flat surface (dashed line); (b)
scheme of the electronic levels of relevant surface areas.
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4. Controlling of the interface fractal structure
by radiation

Along with the usual methods of thermodynam-
ic technology in modern micro- and nanoelectron-
ics gives radiation technologies quite a lot of at-
tention also. Therefore, noting the success of the
thermodynamic technology perovskite issues, what
were referenced above [13], we want to draw the
attention of specialists on challenger and radiation
technologies to control the degree of "roughness",
i.e. fractal perovskite interfaces.

Consider a planar boundary in the characteristic
architecture of solar elements based on perovskite
(Fig. 4a). We choose as the radiation exposure
method of ion bombardment, with such intensity
and energy to the maximum formation of radiation
defects occurred in the area of the perovskite, adja-
cent to the flat interface. This creates specific condi-
tions: wide variety of defects (due to multi-compo-
nent material) and a high degree of non-equilibrium
of the open system — all of this radiation is con-
trolled by the selection of parameters. These two
conditions allow the manifestation of hope for the
widest number of conventional radiation physical
processes [17], but also the implementation of a
new and very special class effect is called "synergy
radiation" [18]. Based on this separation, we will
consider here first option of radiation to stimulate
the formation of the rough interface.

Consider the interface between the film of hole
transporting material (HTM) and perovskites, made
in the form of fine particles so that the interface
can be considered as quasi-plane (Fig. 4a). Such
a "weakly rough" surface may be characterized by
the surface height (2) at its different points (with
coordinates y) along a certain direction. Then suffi-
cient portion representative surfaces can be charac-
terized by dispersions rough surfaces:

o ={Z()} (1)

e — e S L

Fig. 4. Diagram of the perovskite solar cells on the planar
(left) and rough (right) interface under irradiation J.

There brackets denote averaging over the inter-
face area, the reference point on a vertical is chosen
so that <Z(y) > = 0. An important measure of the
statistical properties for the surfaces is the correla-
tion function:

CAy) ={Zy + Ayy Z ()}, 2

which may be expressed in terms of «power spec-
trum» G (f) by Fourier transformation:

Cay)= [G(HexpRaifa)df ()

f min

Here fis spatial frequency which inversely propor-
tional to the wavelength corresponding to the rough
surface; it is clear that f,,, = 1/M,,,,, where M, is
the physical length of the entire interface. Obvi-
ously, if to choose the "fractal spectrum" of power

G(f)= %a (where y is the coefficient surface irreg-
ularity), then

© ;(Ma_l
2=(Z2= [ G(df= ma%_l) 4)

], min

From the Mandelbrot relation [19] a = 7-2D, we
obtain the relationship of fractal dimension (D) for
rough surface with its dispersion:

const

b=3-=5 (6)

Eq. (6) is valid in the range of 2<D<3 and was tested
on a huge number of surface types (see, e.g., [19]).

Note that the constant in the last formula allows
to obtain the correct value of D and for extreme cas-
es: perfectly smooth (¢ — 0) and absolutely rough
(¢ — ) surfaces; formally, it is sufficient in the
upper limit of the integrals used to replace infinity
fmax, expressed in terms of the minimum size of a
representative portion of the surface. Thus, to verify
in the growth of D under the action of radiation (Fig.
4b) it is necessary to prove an increase in the spread
of height "hills" on the surface (i.e., increasing its
roughness). Let us return to the original formulation
of the problem and use the results of Mullins (1959)
(see in [20]) to describe the evolution of the groove
on the border of the two grains (Fig. 5).

In this work it is shown under the influence of
the difference in the chemical potential Au=y,QK
under certain conditions there is a material removal
from the contact between two grains (in our case -
the two neighboring particles of perovskite) on the

Eurasian Chemico-Technological Journal 18 (2016) 293-298
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border of the groove (here v, is the surface tension
of the free surface, Q is the atomic volume, K is
the curvature of the surface). As a result, the groove
depth d increases with time.

For the case of surface diffusion we obtain

d = 2(ctg0)(Bt)* )

where B=Ds% S% 7 Ds is the surface radiation en-
B

hanced atom diffusion coefficient, d is the width of
the surface layer having a high rate of diffusion; 4 is
the angle of the original groove before its recess (at
t=0) - (Fig. 5).

Thus, the value d at different points of the sur-
face is determined by the angle 6 at a predetermined
growth time (£).When ¢ is increased from 0 to 7/2
rate of groove deepening decreases. The speed of
growth is determined by depending on the irradi-
ation parameters and increases with increasing d
and D,: managing them, you can change the value
of d. Obviously, the larger B, the difference in the
initial increases {d}, i.e. it increases the degree of
roughness and hence the fractal dimension D. This
qualitative picture can easily be translated into the
language of mathematics, if we take into account
that the original set of @ has a different fractal dis-
tribution, averaging on which allows to give all the
necessary statistical values.

5. Photodegradation of solar cells with fractal
interfaces

Since the presence of fractal interface leads to
its excessive area, the exposure by ionizing light (as
such as by any type of ionizing radiation in general),
taking into account the semiconductor nature of the
perovskite, can lead to the surface radiation-stim-

o |

Z

Fig. 5. Profile of "groove" in place of the output of the
boundary of two particles on the surface of the interface
under irradiation.

ulated atomic diffusion. This diffusion takes place
by recharge of local electron levels and should lead
to the smoothing of the roughness of the interface;
this, in turn, should eliminate the extra value of 13%
of the photocurrent. The effect of radiation smooth-
ing of fractal has been observed already on the BaF,
surface [21].

However, to realize such surface smoothing by
surface diffusion of atoms it is necessary to release
them from their regular surface layer of perovskite,
i.e. the action of some mechanism for the forma-
tion of defects on the surface under exposition of
light, UV-radiation (as well as the X- and gam-
ma-rays in the case of work of device in space)
must take place. The most important mechanism of
the radiation defect may be the so-called mecha-
nism of Dexter-Varley, including his variations in
form of Knotek-Feibelman [22]. Its essence is the
ionization of deep shell of surface negative ion by
X-rays, resulting that the deep-level hole rises to
higher levels by Auger transition with "breeding";
the negative ion is converted into the positive one
losing electrons (in our case it is Iy — I5"). Such a
transformation does the ion /5. Coulomb unstable
and he leaves his site. This process is probabilistic
in nature and is governed by the ratio of the reverse
Debye frequency 1/wp and of the time ¢, of life of
hole on the /" ion, so that the cross section of the

destruction is proportional to 77~exp(— %, . ) [22].

Since the surface ions /i form area of Tamm states
[23], the delocalization of the holes takes place on

Tamm zone, so 7, ~ %, , where 4E; is the width
T

of the Tamm zone. Turning to the fractal surface of
the interface where the convexes alternate with the
cavities (see Fig. 3), we see that electron wave func-
tions overlap on neighboring ions /s in the areas of
convexity worse than on a flat surface, whereas in
the area of the cavities the situation is inverse. The
result is the variation of AE; on the convexes and
the cavities, but the time z, is higher on the con-
vexes than on the cavities. This, in turn, leads to
the conclusion that the probability of destruction
of convex domains is greater. Consequently, under
the X-rays (and under the corresponding UV-radi-
ation) the smoothing of the relief takes place that
reduces the fractal dimension of the interface and
leads to the degradation of the device as lost an ad-
ditional 13% found in [13].

6. Conclusion
In this paper we proposed a model which ex-

plains experimentally established effect of en-
hancement of the photovoltaic parameters of the

Eurasian Chemico-Technological Journal 18 (2016) 293-298
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perovskite based solar cells in the transition from
the planar to the rough interface. The model is
based on the assumption that the surface perovskite
interface has the fractal structure that may cause
the increasing of the mobility of the electrons. The
rigorous analysis the problem can be done by mod-
eling of the interaction of the waves of different na-
ture with fractal surfaces. The above model can be
used for the comprehensive description of the prob-
lem of charge carrier generation, separation and
transport in perovskite based tandem solar cells.
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