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Abstract—This work seeks to contribute to development of
new photovoltaic materials to be used in low cost solar cells and
low environmental impact. Special emphasis was placed on the
study of electric transport properties in perovskite solar cells
with structure FTO/ZnO/MAPI/P;HT/Au, using impedance
spectroscopy technique. MAPI (CH;NH;Pbl;) thin films were
deposited by sequential evaporation and its thickness was varied
between 300 and 600 nm. Through simulations of impedance
curves, it was possible to model the electrical behavior of the
cells, where simulated circuit elements values were found: R,
Rs1, Rgz, €4 and Cg. From the above, the resistance at low
frequencies Rg; has higher values than the component Rg, at
high frequencies (HF) and since these have an inverse
relationship with the recombination current J,...; we can say that
photocurrent losses by recombination are greater at HF.
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L INTRODUCTION

Photocurrent in solar cells is limited by losses associated
with different processes such as: recombination of electrons in
surface states generated by incomplete bonds, recombination of
carriers in interface states caused by mechanical stresses, due
to decoupling of lattice constants between materials,
recombination of electrons and holes in the active layer and
space charge zone, charge transfer through potential barriers
due to the difference in the work function of the materials.

Different characterization techniques study electric
transport properties in solar cells; however, these have
limitations such as complex equipment expensive. On the other
hand, impedance spectroscopy requires a low-cost
infrastructure and allows determining charge carriers (electrons
and holes) mobility as well as parameters that give information
about charge transfer at the interfaces and the processes
responsible of photocurrent losses [1].

Impedance Spectroscopy (IS) has been widely used for the
characterization of photovoltaic devices manufactured with
different architectures [2, 3]. Its importance lies in the fact that
it allows information on the mechanisms of electrical transport
in the different components of the device.
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The IS technique consists in applying on material an
electrical potential (or voltage) as sinusoidal signal with
variable frequency given by [1, 4, 5]:

V(w) =V, cos wt )]

And to measure the current response, which is expressed
as:

I(w) =1, cos(wt + @) 2)

The impedance Z is a complex number that is defined as
the opposition offered by a conductor to a current generated by
applying an alternating voltage, and is represented as ratio
between applied potential V(w) and current obtained I(w), that
is to say:

2@) = 72
RN 3)
Remembering that:
cos(wt + @) = Re {e[i(wt+<p)]} )

Expressions for current and voltage can be rewritten as:

V(t) = Re (V ei®t) (5)
I(t) = Re (I e'®t) (6)

Where: [ = I, e/ and V = V.

If we consider relationships between voltage and current
for a resistor R, an inductor L and a capacitor C (passive
elements of a basic circuit):
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From Eq. (3) it is possible to find impedance contribution
to each passive circuit element:

ZR = R
Z, = iwl
. (8)
© 7 iwC

Since impedance is a complex quantity, it can be expressed
as:

Z=R+iX )

Where R = Re(Z) is the resistance, and X = Im(Z) is
defined as the reactance, from Eq. (8) it can see that there are
two reactances: inductive and capacitive reactance.

In this paper, electrical transport properties of perovskite
solar cells with planar architecture were evaluated using
impedance spectroscopy, especially the active layer thickness
effect on solar cell efficiency.

II. EXPERIMENTAL

The analysis was performed by measuring the impedance
spectrum of the solar cell followed by a theoretical adjustment
of this spectrum, using an equivalent circuit model as shown in
Fig. 1, which has been used by other authors to describe
processes of electric transport in solar cells with interplanar
structure and based on perovskite [6, 7].

S

Fig. 1. Circuit used to simulate impedance spectra. Ry, is the series resistance

of the device associated with ohmic contribution of wires and
contacts, resistors Rg; and Rg, are related to the current flow of
surface recombination, C; is the capacitance associated with the
dielectric response of the device and Cj is the capacitance associated
with the accumulation of load at the interfaces.

Equivalent circuit elements represent electrical processes
that are carried out mostly in the active layer of the cell and in
its different interfaces. R, is the series resistance of the device
associated with the ohmic contribution of the contacts and
cable, the resistors Rg; and R, are resistances associated with
the flow of linear recombination current at high and low
frequencies respectively.

Capacitive elements each have a different interpretation: Cg
is associated with the accumulation of charge at the interfaces,
mainly ETL/MAPI interface [6], and responds to the
mechanisms that govern the operation of the cell at low
frequencies (~ 1 Hz). As perovskite solar cells contain different
types of charge carriers (ionic and electronic), the electronic
charge is what produces the photocurrent while the ionic

charge is not usable and is invested in the degradation of the
material, as it migrates (low the effect of the internal electric
field) of the methylammonium cation contained in the active
layer towards the ETL/MAPI interface, Cs then appears as a
consequence of the accumulation of ionic charge at said
interface [6, 7].

Finally, C; is related to the dielectric response of active
layer and dominates the capacitive response at high frequencies
(> 1 kHz) of the spectrum, the capacitance Cj is given by:

£&
Co=—7 (10)

Where ¢ is the perovskite layer dielectric constant, d the
layer thickness and &, is the vacuum permittivity.

The measurements were made in the frequency range from
0.1 to 1x10” Hz, using a Potentiostat IVIUM Compacpstat
Multiwave 32, capable of generating a sinusoidal signal of
electric potential of variable frequency on the material studied,
and recording the response in current. And for the simulation,
the “EIS Spectrum Analyzer” program was used, which allows
the design of equivalent circuits and subsequent adjustment of
parameters from experimental curves. At the end of the
adjustment, specific values of capacitance, resistance, inductors
and constant phase elements are obtained.

For the analysis, perovskite solar cells with regular planar
architecture are manufactured: FTO/ZnO/MAPI/P;HT/Au
following the procedure described in the reference [8],
maintaining the same synthesis parameters for all layers and
varying only the thickness of the active layer between 300 and
600 nm, since this is a parameter that significantly affects the
cell efficiency.

III.  RESULTS

Figure 2 shows impedance spectra, corresponding to
measurements made on solar cells with FTO/ZnO/MAPI/P;HT
/Au architecture, taking into account three different active layer
thicknesses: 300, 450 and 600 nm.

Table 1 shows resistance and capacitance values calculated
from theoretical simulation of the spectra (see Fig. 2), using
mathematical tools that allow an adjustment of the
experimental impedance curve with the simulated a from the
equivalent circuit of Figure 1 and with help of “EIS Spectrum
Analyzer” program.

Results of Table 1 reveal that C; presents values of the
order of nano-farads, on the other hand, Cg is significantly
higher reaching values of 1.88 uF, a result that can be
interpreted in terms of an increase in the accumulation of
carriers majority (holes) in the ETL(ZnO)/perovskite interface.
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Fig. 2. Experimental and simulated impedance spectrum (red continuous
line) of a solar cell manufactured with FTO/ZnO/MAPI/P;HT/Au
architecture, where the active layer is deposited with different

thickness, (a) 300 nm, (b) 450 nm and (c¢) 600 nm.

TABLE 1. Resistance and capacitance values obtained from the
adjustment between experimental and simulated impedance curves.

VAT SIS Roy(@) Rp@ () C(u)
300 2.98E5 2.75E4 4.03E-3 1.66E-1
450 2.76E4 1.42E4 1.60E-2 9.19E-1
600 2.31E3  4.17E3  3.98E-3 1.88

The energy band diagram shown in Fig. 3, indicates the
charge accumulation layer that induces an upward deflection of
the energy bands with an extension equal to the Debye length
(Lp ), which is given by:

/2
e kg T1!

1y =[5k a
° % po

Where kg T is the thermal energy and p, the density of
major carriers that corresponds to the density of donor
impurities that is typically of the order of 10" ecm™; therefore
Lp~10 nm.

Fig. 3. Energy bands diagram of the zone of charge accumulation in the

perovskite, near the contact (ETL/perovskite layer).

IV. CONCLUSIONS

Through simulations of the impedance curves, it was
possible to model the electrical behavior of the cells, where
simulated circuit elements values were found: Ry, Rsy, Rs2, Cy
and Cs. Both resistive elements appear in some way related to
the Cs capacitance by a common mechanism. In general, the
resistance at low frequencies Rg; has higher values than the
component Rg, at high frequencies and since these have an
inverse relationship with the recombination current [, we
can say that photocurrent losses by recombination are greater at
high frequencies.
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