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Abstract 

Perovskite-TiO2 interface has become crucial for the operation of perovskite solar cell 

devices. In this work, we show an equivalent circuit for the impedance spectroscopy 

response of these devices that has been calculated for a previous model that was 

developed for explaining the accumulation in the perovskite-TiO2 interface. This circuit 

explains unique behaviors such as the inductive loop and the negative capacitance. To 

get more insight, we show the results from the modelling of this interface by solving the 

Poisson equations on both sides for the case of accumulation. 
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1. Introduction 

The question of energy has become a central topic all around the globe due to its 

increasing demand and the problems caused by some of the ways we use to obtain this 

amount of energy. There is a widely extended belief that important changes have to be 

carried out with the objective of a cleaner and sustainable way of obtaining power. 

From one side, the growth in energy use is being balanced in part by the important 

progress made in increasing the efficiency in most of the objects or machines that we 

use on a daily basis. From the other side, the advances in new forms of “green” energies 

help the accomplishment of such goals of the use of cleaner carbon-free energies. 

Here, we focus on the challenging field of getting power from new and clean sources. It 

is a fact that the majority (more than 80%) of the world’s power comes from fossil 

fuels, such as coal, oil and natural gas.1 Despite being greatly powerful, these sources 

lack of a continue supply and will eventually be exhausted. Moreover, the damage 

caused to the atmosphere and the air we breathe by exploiting them in thermal plants 

and vehicles has been demonstrated to be dangerous, with fatal consequences.2 This 

explains the importance of the development of the new “green” energies, i.e. wind, solar 

and wave power, which have started to be set up and expanded at many countries in the 

recent years.1 

The main topic of this work is related with solar power. The amount of energy that 

arrives the Earth from the Sun is enormously large compared to the energy consumption 

of humankind.3 Combined with the fact that its exploitation produces no harm or 

drawback makes solar energy a great candidate for sustainable power supply.4 That is 

the reason why there has already been a lot of research in the development of 

photovoltaics. Crystalline silicon has developed for more than 60 years5 and it is 

nowadays the industry leader6 due to its stability, high efficiency and low cost. 

Nevertheless, other technologies have been developed which increase the versatility of 

the field in the search of a variety of applications. Some typical examples are CdTe and 

CIGS thin film solar cells,7 dye-sensitized solar cells8 and organic solar cells.9 But the 

latest technology to emerge has been the perovskite solar cells. Its irruption in the field 

has extended so quickly due to its fast increase of solar to electricity power conversion 

efficiency to more than 20%.10 
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Perovskite is used to denominate a family of materials whose general formula is ABX3. 

In the case of our devices used for photovoltaic conversion the A corresponds a 

methylammonium molecule, the B is for a Pb atom and the X is for a halide, usually 

Iodide, these are the so-called hybrid organic-inorganic halide perovskites. These 

perovskites have a number of properties that make them real candidates for the new 

generation of solar cells. These properties are, for example, good absorption, fast 

transport, low non-radiative recombination and a suitable gap that can be taylored to 

absorb the visible light,11 which makes it ideal for tandem cells. For the development of 

these devices, an accurate design and configuration are essential. This configuration 

regards the active or absorber layer, and the electron and hole selective contacts, as well 

as the interfaces. In this work, the interface between the perovskite and the TiO2 as 

electron selective contact are key point of study, due to its importance in the 

performance of the device. 

Investigating and understanding the physical processes in the bulk and the interfacial 

layers are main topics in perovskite solar cells for the control of the device quality and 

for the design of new applications. Impedance Spectroscopy (IS) is a very useful tool to 

characterize physical processes in solar cell devices and it has been applied extensively 

in the perovskite solar cells. Here, it will be the main technique considered to model the 

TiO2-perovskite interface. Many reports have presented the suggestion of equivalent 

circuits, the comparison with previous solar cell systems, and the analysis of the 

resulting processes.12-15 Further recognition of the ionic drift in the lead halide 

perovskite material introduced the need to discuss the mixed conduction and 

modification of the interfaces.16-18 

Very interesting and unique behaviours that have been shown in the literature in the 

impedance response plot are the negative capacitance19-20 and also an inductive loop.16, 

21 The negative capacitance at low frequency is a familiar feature on hybrid organic-

inorganic solar cells,22 but explaining the specific microscopic origin of such feature is 

traditionally rather challenging. An inductive loop is a middle-frequency range feature 

that in some cases goes to the negative capacitance as well. This loop has been well 

established in perovskite solar cells,16, 21 but the origin and significance of this loop for 

the solar cell operation is not clear at all. The inductance simply appears as a necessary 

feature in the equivalent circuits to fit the experimental data without a clear explanation 

of the physical process that creates it. 
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In this work, an explanation of the origin of the frequently observed impedance loops is 

provided based on a recently proposed surface polarization model23 and without further 

assumptions. We also show the adequate description of experimental IS data by this 

model that is simply computed from the previously proposed equations, thus providing 

support to the model and additional insight to the kinetic properties of the perovskite 

solar cell. 

2. The surface polarization model 

From the very beginning of perovskite solar cells research, a dynamic hysteresis has 

been found in the current density-voltage (j-V) curves.19, 24-25 This consists in a 

deviation of the shape of the stationary response depending on the previous and the 

initial conditions of the measurements, as well as the way the measurements are carried. 

Its explanation is very challenging due to the wide variety of phenomenology involving 

it. In this work, we take a model previously proposed for the explanation of the dynamic 

hysteresis and we make the impedance calculations to propose an equivalent circuit for 

the response of the IS measurements. We also describe the observable features that the 

model includes. 

The Surface Polarization Model (SPM) is supported by reported evidence of 

capacitance results for the surface polarization.16, 26-30 This surface polarization refers to 

a strong electronic charging in the TiO2-perovskite when forward biasing is applied, 

which is assisted by the presence of mobile ions coming to the interface.18, 29-31 The 

main support for this model comes from IS measurements, looking at capacitance 

versus frequency plots, where we can observe a large low-frequency capacitance that 

has been associated with the ionic polarization at the interface.31-32 Zarazua et al. 

suggested an interpretation for this large capacitance, associating it to the accumulation 

of holes at the interface.29 From that, they proposed the upward band bending at the 

electron contact. But the  accumulation of holes is not enough to describe the long-time 

transients that are observed in open-circuit voltage decay,30 since these electronic 

interfacial states can’t produce these slow kinetics effects. For this reason, here, both 

holes and ionic accumulation is considered for the model. It must be said that hysteresis 

practically disappears when using fullerene33 instead of TiO2 contacts, what makes the 

interface effects more evident of causing hysteresis. 
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Fig. 1. The energy diagram of a perovskite solar cell in which electron selective 

contact locates at the left and hole selective contact locates at the right side. (a) 

Equilibrium condition in the dark. (b) Open circuit under illumination condition. cE , 

vE : Edges of conduction and valence bands. FE : Fermi Level. FnE , FpE : Quasi-Fermi 

level of electrons and holes. V : External voltage of the contacts. biV : The constant 

built-in voltage. sV : The variable surface polarization voltage. Indicated in (b) are the 

accumulation of holes and cations, and the tunnelling of electrons across the surface 

barrier. 

The surface polarization model23 starts from this upward band bending assumption 

which creates a surface voltage in the perovskite solar cell. This voltage is a 

consequence of the accumulation of charge at both sides of the interface between the 

perovskite and the TiO2 electron selective contact as indicated in Fig. 1. The band 

bending structure at forward bias voltage in Fig. 1 has been established from detailed 

simulations.30 V  is the external voltage at the contacts and sV  is an internal surface 

polarization voltage associated to the accumulation layer of holes assisted by positive 

ion charge that results from the ionic displacement, and compensated by electrons in the 

contact layer side of the interface. The excess charge density of holes at the interface is 

TkqV
sss

BseQqpQ
/

0  (1) 

as a function of surface hole density, sp , the elementary electrical charge, q , the 

thermal energy TkB , and the equilibrium surface charge 0sQ . The capacitance 

associated to surface charging is 

TkqV

B

s

s

s Bse
Tk

qQ

dV

dQ
C





/0
1   (2) 

The exponent   takes the value of  2 in the case of purely electronic accumulation 

capacitance.29 At equilibrium condition at a given voltage V , 

bis VVV   (3) 
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where biV  is a built-in voltage. The presence of ions at the interface implies that the 

build-up and recovery of the equilibrium distribution is severely impeded by the rate of 

ion migration, governed by the already mentioned slow kinetics.30 Thus the internal 

voltage sV  cannot follow the external voltage instantaneously but reacts slowly to 

achieve the condition imposed by V . This characteristic behaviour has been described 

by a relaxation equation of the type23   

kin

biss VVV

dt

dV



)( 
  (4) 

where the relaxation kinetic constant kin  is determined by the rapidity of ion 

displacement at the specified illumination and temperature.  

Next, we establish the standard photovoltaic properties of the solar cell, in order to form 

a diode equation. Recombination current at the surface of the cell depends on electron 

and hole concentration34 

srecrec nQkj   (5) 

with a recombination rate constant reck . The bulk electron density is 

)/exp(
0

TkqVnn
B

 , hence the recombination current in transient condition is 

TkVVqTkqV

recrec

BsBbi

eejj
/)//(/

0

 

  (6) 

where   is an ideality parameter taken here 1  and 0recj  is the recombination 

parameter. The steady state solution of the recombination equation is obtained by 

imposing the equilibrium value of surface voltage in Eq. 3: 

TmkVq
recrec

Bejj
/

0  (7) 

where )/(  m . To complete the SPM in a transient situation the extracted 

current is composed by the photocurrent phj  , minus the recombination current, and the 

current of the excess electrons extracted from the contact. Hence 

dt

dV
Cejjj sTkVVVq

recph
Bbis

1

/)///(

0 
   (8) 
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3. Impedance model 

For calculating the IS response of the previously presented SPM, a small ac perturbation 

(denoted by tilde) of angular frequency   is applied to the voltage, added to the steady 

state characteristic (indicated by overbar). By taking the Laplace transform, the small 

amplitude current is  

s
BB

s
rec VCi

Tk

Vq

Tk

Vq
jj ˆ

ˆˆ
ˆ

1
















  (9) 

The small perturbation surface polarization voltage is calculated by taking a Laplace 

transform of the Eq. 4: 

kin

s
i

V
V




1

ˆ
ˆ  (10) 

By substituting Eq. 10 in Eq. 9, the following expression for the ac impedance is 

obtained: 

1

1

ˆ 1 1 1

ˆ 1d

L rec
c

V
Z i C

R i L Rj
R i

C








 
 
     

 
  

 (11) 

where the equivalent circuit elements have the following values in terms of model 

parameters: 

1C

b
R

RL

jq

Tk
R

jq

Tk
R

kin

C

Lkin

rec

B
L

rec

B
rec

















 (12) 

A representation of the model of Eq. (11) as an equivalent circuit is shown in Fig. 2. In 

this circuit, sR  is a series resistance and recR  is a recombination resistance that is 

inversely related to the steady state recombination current density recj . The capacitance 

dC  is added to represent the dielectric bulk (or surface) processes that usually occur at 

high frequency.16 LR  is the series resistance with the inductance L  and both of them are 
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inversely proportional to recj . The inductance L  has a direct dependence on the kin . 

CR  is the series resistance with the capacitance 
1C  and it is also directly dependent on 

the kin  and an additional parameter b  that is justified below.  

 

Fig. 2. Equivalent circuit obtained by applying a small ac perturbation. In this 

circuit, sR  is the series resistance, dC  is the dielectric capacitance, recR  is the 

recombination resistance, LR  is the series resistance with the inductance L  and CR  is 

the series resistance with the surface charging capacitance 1C . 

 

The physical interpretation of the circuit is the following. The parallel 
rec dR C  

combination is the standard ac circuit for a solar cell governed by recombination. For a 

perovskite solar cell the recombination may fluctuate from bulk to surface dominated 

process depending on specific conditions.35 In parallel to the usual solar cell elements, 

there are two parallel lines that correspond to the accumulation and extraction of charge 

at the surface. First, the line 
1CR C   is the charging and discharging of the surface 

accumulation capacitance controlled by the kinetic relaxation time kin . The second 

line 
LR L

 
 is an additional nonstandard process. This is a remarkable feature of the 

model that follows directly from Eq. (4). As we explained before, there is a delay for the 

surface charging with respect to external voltage because of the ions movement that 

governs the equilibration of the interface controlled by the kinetic relaxation constant 

kin . This delay time is the reason of the inductive line in the equivalent circuit.  

4. Interpretation of impedance spectra 

In Fig. 3 we show the characteristic spectra associated to the impedance model. We also 

indicate the values of low and high frequency resistances. At the low frequency region, 

the inductance and the capacitances act as a short circuit and open-circuit, respectively. 

Therefore, the value of the Z   at the end point of the spectra is given by the series-

parallel combination Lrecslf RRRR  . At the high frequency region, 
shf RR  . 
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 Fig. 3. Typical complex plane impedance plots obtained for different values of kinetic 

relaxation constant kin  at different applied biases for the following values of 

,30,95.0,5.0  VVVV ocbi
eVqTkcmmAj Bph 026.0/,1,2,20 2    , 

21.0 cmArea   and the following values for the resistances and capacitances: 

,100 2cmRR shf  ,10,3.96 252  cmFCcmRRR bulkLreclf
and the other values 

for (a) ,1.0 skin  24

1

22 105,200,88.25   cmFCcmRcmHL C  , (b) 

,8.258,1 2 cmHLskin 2

1

2 1.0,10  cmFCcmRC   (inset shows the zoomed-in view 

of the positive loop), (c) ,100,2588,10 22 cmRcmHLs Ckin    2

1 1.0  cmFC  and 

(d) ,100skin  2

1

22 01.0,10,25880   cmFCcmkRcmHL C  . 

 

The first spectrum (a), shows two positive arcs. The combination of resistances recR
 

and LR  determines the diameter of the arcs. This type of spectra has been found in 

many works of IS of the perovskite solar cells, and it is often observed that the two arcs 

have similar width and vary in a coupled way when the voltage or illumination are 

changed.34 We note that in the model recR  and LR  show a similar voltage dependence, 

which may explain the unisonous variation of the distinct low frequency arcs frequently 

observed in the literature.  



12 

 

By increasing the value of kin  and the capacitance 
1C , a positive inductive loop appears 

in the impedance spectrum (b). The inductance becomes more dominant for larger 

values of the kinetic relaxation constant. Then, the loop becomes bigger and crosses the 

axis entering negative capacitance values (c). When the kinetic relaxation constant is 

increased to large values (here 100 s), the low frequency arc goes into negative 

capacitance (d), a behaviour that is well documented.20 These two significant impedance 

spectra, i.e. the inductive loop and the negative capacitance at low frequency, are 

explained theoretically for the first time. 

 

Fig. 4. The capacitance-frequency ( fC  ) spectra are calculated for the spectra of 

Fig. 3. The ‘blue’, ‘red’, ‘green’, and ‘black’ curves show the C-F plot of the Fig. 3 (a), 

(b), (c) and (d), respectively. 

 

Fig. 4 shows the capacitance-frequency ( fC  ) plots for the complex impedance 

spectra of Fig. 3 where the real part of the capacitance is taken from the complex 

capacitance ZiC /1 .36 The low frequency part of the curves corresponds to the 

capacitance 1C  and the high frequency part shows the dielectric capacitance. In the 

cases with negative capacitance the undershoots in the curve correspond to the transition 

to negative capacitance in Fig. 3. Also, an undershoot appears in plot (b) at frequencies 

that the positive loop gets very close to the frequency axis. 

In order to establish the suitability of the model for the description of experimental 

results, we have analyzed previously reported impedance spectra.21 The spectra have 

been measured in perovskite solar cells with special electron selective consisting of a 

periodic multilayered structure that magnifies the effects of the interface. The sequential 

deposition of SiO2 and TiO2 mesoporous layers forces multiple electron injection 

processes which cause very large loop features in the impedance plots. 
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Fig. 5. Impedance and capacitance-frequency ( fC  ) spectra obtained under 

illumination and with an applied bias of 0.7 V. (a) and (c) show the complex impedance 

plots of two different perovskite samples S1 (green) and S2 (red). (b) and (d) show their 

( fC  ) plots, respectively. The circles represent the experimental points, while solid 

lines are the fitting curves using the equivalent circuit. For 

(a) ,8.33 2cmRs   2 5 2 24700 , 1.11 10 , 4350 ,rec d LR cm C F cm R cm         

,123 2 cmkHL .1038.1,2460 23

1

2   cmFCcmRC   For (b) 

,6.19 2cmRs   ,219 2cmRrec  
5 22.54 10 ,dC F cm     ,2 2cmkRL    

,45 2 cmkHL  ,390 2cmRC   .011.0 2

1

 cmFC  

In Fig. 5 we show two characteristic spectra, and the fitting with the equivalent circuit of 

the SPM provides the results indicated in Table 1. Values of recj  and 1C  are of the 

same order of magnitude in both cases. Values of kin  are similar with those previously 

obtained in the fitting of the dynamic hysteresis of the Vj   curves in our previous 

work.23 We take the agreement of very different experimental methods as encouraging 

support of the SPM based on Eq. (4). 

The SPM generates the equivalent circuit of Fig. 2 with the parameter b  in Eq. 12 

having a value 1. However, we note in Table 1 that the experimental value of the 

parameter b  is around 0.1-0.2 in both cases. The interpretation of this finding is the 
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following. The equivalent circuit is generated from the theory with a restricted number 

of parameters of the model, which are essentially three, namely the recombination 

current density recj , the kinetic relaxation constant kin  and TkqQC Bss 00  . It appears 

that the equivalent circuit describes well the experimental data, but the additional 

parameter b  is needed to generate a richer set of spectra. This is far from surprising, as 

the previously formulated SPM incorporates a kinetic delay of charge at the surface but 

not the energy loss process across the interface such as electron transfer by tunneling 

suggested in Fig. 1.37 The departure of b  from the value 1 indicates that the spectra 

possess additional physical characteristics that need to be described by a more general 

model. We suggest that a resistive process for charge transfer across the interface may 

be needed, in agreement with the usual observation of a major decrease of photocurrent 

in the presence of poorer contacts, that causes a substantial decrease of solar cell 

performance.16 

Sample )/( 2cmmAjrec
 2( )dC F cm  )( 2

1

cmFC  )(skin  b  

1S  0.012 51011.1   31038.1   28.2 0.12 

2S  0.027 51054.2   0.011 23 0.19 

 

Table 1. Values calculated from the fittings of the IS data of two perovskite solar 

cells21 to the equivalent circuit of Fig. 2. 

In summary, we have developed new implications from a surface polarization model 

that assumes a kinetic delay of the state of the interface by slow build up of ionic 

charge. Previously the model was used to describe dynamic hysteresis in the voltage 

sweep curves, and here we found the characteristics of impedance spectroscopy, which 

bring about two conclusions. First, due to the peculiar kinetic delay, the surface 

processes produce a highly structured spectral shape consisting of at least two 

impedance arcs, that will vary in coordination, since they reflect unique underlying 

characteristics. The second conclusion is the appearance of inductive loops, either 

positive or negative capacitance, that have been widely observed previously in the 

experimental reports. We show that the loops contain important kinetic information 

about the behaviour of the interfaces of perovskite solar cells. The fitting of data suggest 

that the experimental response is even richer than that covered by our model, indicating 

the need for extensive studies in order to clarify the complex behaviour of the perovskite 

solar cell. 
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5. Modelling of the electric potential distribution at the interface 

From this initial model for the Impedance Spectroscopy and its fitting results from real 

spectra, we have seen that there is still more information in them, due to phenomena 

still not taken into account in the model. Investigating the situation, we can observe that 

the huge accumulation at both sides of the interface implies a large amount of charge of 

opposite sign in a very small region. Such an amount of charges in this space must 

create a large increase in the recombination rate at the surface that can really affect 

charge collection at the TiO2, thus worsen the performance of the cell. Next thing to 

include in the model is then the expected surface recombination. 

For such an aim, we need to know the amount of charge at both sides of the interfaces, 

as well as its distribution and nature, since ionic charges will not affect directly to the 

recombination. To get to know this distribution, modelling of the band shape of both 

sides of the interface is needed. This implies calculating the electric potential by solving 

the Poisson equation for the electrons at the TiO2 and for holes and ions at the 

perovskite and applying its continuity at the interface, as well as the continuity of the 

electric displacement field. 

Here we show preliminary modelling and calculations carried out without the 

consideration of ions. Even without ions, we can estimate the size of the space-charge 

regions at both sides of the interface will be, as well as the amount of charge. An 

expression for the capacitance at both sides is also obtained and the resulting total 

capacitance calculated. 

 

Fig. 6. Space-charge widths for both sides of the TiO2-Perovskite interface. 
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In Fig. 6 I show the space charge regions for both the TiO2 ( ) and the perovskite ( w ). 

Outside these two regions, bands at both sides become flat. In these flat regions, the 

electric field is null and the potential is constant, so the solution of the Poisson equation 

there is trivial. 

Inside these regions, we must solve the Poisson equation to describe the curvature of the 

bands, 



 )(
2

2
x

dx

d
  (13) 

where   is the electric potential,  the density of charge and   the dielectric constant 

of the semiconductor. 

Then, in the TiO2 side, i.e. from x  to 0x , being an n-type semiconductor, one 

can neglect the minority carrier and the charge density is38 

 )()( xnNqx D   (14) 

with DN  being the density of donors and n  the density of electrons. Here n  is 









 )(exp)( x

Tk

q
Nxn

B

D   (15) 

and the charge density is then 


















 )(exp1)( x

Tk

q
qNx

B

D   (16) 

Making the same considerations for the perovskite side, which goes from 0x  to 

wx  , the charge density there is 


















 )(exp1)( x

Tk

q
qNx

B

A   (17) 

When considering a potential large than thermal voltage, i.e. )/()( Tkqx B , one can 

neglect part of the equation and consider the charge density as follows 








































xx
Tk

q
qN

xx
Tk

q
qN

x

B

A

B

D

0)(exp

0)(exp

)(  (18) 
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With this, one can start solving Poisson equation at both sides, but with the following 

boundary conditions taken into account. First, the continuity of the electric potential 

must hold at the interface 

)0()0(    (19) 

Second, the difference between both potentials in the bulk regions, i.e. in x  and 

x , is 

biVVw  )()(   (20) 

As one has to solve a second order differential equation, the boundary conditions apply 

also for the first derivative of the potential, i.e. for the electric field. As said before, the 

field in the bulk is 0: 

0)(,0)( 










 




xx x
wE

x
E  (21) 

Finally, to get a full solution, the continuity of the electric displacement field D  must 

also hold at the interface: 

)0()0(
0

2
0

1





 












D
xx

D
xx





  (22) 

where 1  and 2  are the dielectric constants of the TiO2 and the perovskite, 

respectively. 

The final solution, for the potential at both sides, with the extrinsic Debye lengths  

2

2
2

2

1
1

qN

Tk
L

qN

Tk
L

A

B
D

D

B
D









 (23) 

is as follows for the TiO2: 






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







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4
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2
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D
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BD

DB

L

x
VV

Tk

q

L

L

q

Tk
x




  (24) 

and for the perovskite: 


















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221
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2
)(

4
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2
)()(

D

bi

BD

DB

L

x
VV

Tk

q

L

L

q

Tk
x




  (25) 

The width of the space-charge regions   and   are also calculated in terms of the 

applied voltage V : 
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




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
 )(

4
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2
2

2

211
1 VV
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qLL
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B
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


  (26) 

and 









 )(

4
exp

2
2

1

212
2 VV

Tk

qLL
L bi

B

DD
D




  (27) 

With this overall solution, it is possible to simulate the shape of the bands and to 

calculate the width of the bands. In Fig. 7 the bands are shown for the case of 

accumulation at V 51.1 OCVV . At this point, the accumulation is large enough to 

cross the Fermi Level in the perovskite, so the amount of charge there is enormous. 

Here, the values of the density of donors in the TiO2 and acceptors in the perovskite are 

318
1 cm 102.6 DN  and 

317

2 cm 108.1 AN , respectively. The values of the 

dielectric constants are 01 20   and 02 26  . The value of the built-in voltage here 

is VV 7.0 . 

 

Fig. 7. Band diagram for the TiO2-Perovskite interface. 
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When calculating the widths of the space-charge regions, we obtain nm9.2  and 

nm 2.20 , which is in agreement of one would expect, since accumulation layers are 

really small. 

From the expressions of the potentials it is possible to calculate the total charge space-

charge region by Gauss law. The total charge is given by: 

0




x
sc

x
Q


  (28) 

And from with the total charge one obtains the accumulation capacitance39 using: 

)0(




 sc

acc

Q
C  (29) 

Then, the expression for both accumulation capacitances is given by 









 )(

4
exp

2 21

21
bi

BDD

acc VV
Tk

q

LL
C


 (30) 

And the value obtained for the accumulation capacitance is 
2cm μF 052 accC  which 

is consistent with the values obtained in Table 1, as those are specially big, because 

those samples forced more than one injection layer and then, more accumulation layers. 

Then, this accumulation heterojunction model is a good start point for further 

calculations in which ions will be included. 

6. Conclusions 

The surface polarization model for the hysteresis in the perovskite solar cells previously 

developed has been here taken as a starting point. This model explains some types of 

hysteresis observed in perovskites j-V curves taking into consideration many of the 

proofs that have been reported for the accumulation of charge in the TiO2-perovskite 

interface. The model assumes a surface voltage when going to forward bias above built-

in voltage. This voltage has a slow kinetic discharge linked to ion slow motion. This 

voltage has an accumulation capacitance also linked with it. 

To provide support to this model, it is taken here in another commonly used technique 

to characterize solar cells, the Impedance Spectroscopy. First, the IS model is calculated 

obtaining an inductive element many times observed in the experiments. The 

simulations made with the model correspond with two of the main features reported: on 
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one hand, two arcs that evolve in concordance, on the other hand, two exotic and unique 

behaviors of the perovskite, the inductive loops and the negative capacitances. The 

inductive loop and negative capacitances are obtained for the first time from pure 

calculation from the model. For further proof, two examples of this unique behaviors 

reported in the literature are taken here two fit them with the model. The values 

obtained for the parameters of the model are satisfactory, but there is not a fully 

concordance between the model and the real spectra. Further development of the model 

is needed. 

The large accumulation assumed in the model should induce a big surface 

recombination due to the huge density of carriers in this interface. Therefore, the next 

step in the development of the model is to include this surface recombination. To such 

an aim, it is necessary to know how the distribution of charge will look like at both 

sides of the interface. Here, a preliminary model for the interface is calculated only 

including majority carriers, i.e. without the consideration of ions. Nevertheless, this 

heterojunction model for the accumulation already gives good values for the distribution 

of charge and the accumulation capacitance, so it is a good start point for the surface 

recombination. 
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