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Accounting for Optical Generation in the
Quasi-Neutral Regions of Perovskite Solar Cells

Parnian Ferdowsi, Farzan Jazaeri, Efrain Ochoa-Martinez, Jovana Milic, Michael Saliba,
Ullrich Steiner, and Jean-Michel Sallese

Abstract— Predicting the performance of solar cells
though analytical models is important for the theory-guided
optimisation of these devices. Earlier models neglect the
impact of the optical generation in the quasi-neutral regions
of a perovskite solar cell. Here, a new model is developed
that takes optical generation in these regions into account.
The model includes the full depletion approximation and
the drift-diffusion transport mechanisms. A comparison
with earlier models demonstrates the improved predictive
power of the developed model. In addition, the accuracy
of the model was assessed by comparing it prediction to
experimental data obtained from working devices.

Index Terms— perovskite solar cells, physical modeling,
optical generation, quasi-neutral regions.

I. INTRODUCTION

ORGANIC–inorganic lead halide perovskite solar cells
(PSCs) are considered to be among the most promising

photovoltaic technologies that have generated intense research
in the past decade after they demonstrated outstanding light-
harvesting characteristic, high power-conversion efficiency
(PCE), low cost, and ease of fabrication [1], [2]. Since 2009,
the power conversion efficiency of PSCs has been improved
dramatically starting from 3.8% [3] to the current world record
of 25.2% [4]. This was possible due to many improvements
in terms of solvents, interfaces, and materials optimizations.
The perovskite materials used in photovoltaics have the ABX3
composition consisting of of an organic/inorganic monovalent
cation, A [Cs+], methylammonium [MA+], or formamidinium
[FA+]; a divalent metal, B (Pb2+); and a halide anion, X (Cl-,
Br- or I-) [2]. There is an ongoing need to better understand
the fundamental processes and mechanisms underlying their
photovoltaic behavior.

Modeling is a necessary step towards the development
and manufacturing of these solar cells. The experimental
efforts can be supported by modeling and simulations [5]–
[8]. Modeling of photovoltaic cells has been carried out over
a period of 40 years [9]–[11], when some simplified analytical
expressions were proposed for the output characteristics (I −
V ) in PVs, with assumptions that are still widely accepted
and implemented in present models of PSCs. The current-
voltage characteristic of a photovoltaic cell informs about its
solar energy conversion ability and efficiency. To the best of
our knowledge, all previously developed models neglect the
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Fig. 1. (a) Schematic of a standard perovskite solar cell struc-
ture, (b) Energy level diagram, (c) Fabricated MAPbBr3 device, (d)
SEM cross-section of a PSC. (FTO: Fluorine doped tin oxide, Spiro-
OMeTAD:2,2’,7,7’-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’ spirobi-
fluorene)

impact of optical generation of minority carriers in the quasi-
neutral regions of PSCs, an assumption which has not been
justified [6], [12]–[15].

Here, we demonstrate that such a simplification does not
correctly predict the output characteristics of PSCs. The sim-
plified models can fit the experimental data, but at the expense
of introducing non-physical fitting parameters, i.e. they fail in
predicting the device characteristics as experimental parame-
ters are changed.

While the assumption of optical generation is often included
in commercial and self-written numerical simulators, they are
not based on fundamental physical principles at both the
theoretical and the experimental levels.

The basic idea of this study is to develop a new analytical
and physics-based model of perovskite photovoltaic cells that
can predict the device characteristics from the device param-
eters, which is different to existing models, enabling us to
address the underlying physics that was not correctly described
in the earlier models.

Relying on the drift-diffusion transportation mechanism,
this work derives a model for the output characteristic of PSCs
that includes the optical generation of minority carriers in
the quasi-neutral regions. The model is validated against the
experimental data of fabricated perovskite-based solar cells.
Finally, we demonstrate how this new model can be used to
obtain physical parameters of a PSC and how its efficiency
can be improved.

II. DEVICE STRUCTURE AND OPERATION PRINCIPLE

In the perovskite-based solar cell structure, the undoped
perovskite layer is sandwiched between electron (ETL) and
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Fig. 2. Schematics of typical PSC device structures, energy level
diagrams, doping concentrations, and optical generation profiles of
partially depleted (a, b, c, d) and fully depleted (e, f, g, h) provskite layers
in PSCs. The depletion regions are identified by light blue and red colors
in (a) and (e) while quasi neutral regions are coloured in dark blue and
red. The neutral region in the center of perovskite layer remains white.

hole (HTL) transport layers made from, i.e., TiO2 and Spiro-
OMeTAD, respectively, with both semiconductor material
having a wider band gap than the perovskite (Fig. 1). This
can be represented by a simplified n-i-p architecture (Fig. 2),
consisting of two heterojunctions in series with two built-in
potentials, Vbi1 and Vbi2, one between the HTL and perovskite
and the second is between the TiO2 and the perovskite. Holes
are the majority carriers in HTL layer and they diffuse towards
the perovskite film where electron and hole concentrations give
rise to the intrinsic carrier density. Conversely, electrons dif-
fuse towards the HTL layer. Electrons are the majority carriers
in the ETL and they diffuse to the perovskite semiconductor
and holes diffuse towards the ETL. If the perovskite layer is
doped and/or sufficiently thick (Fig. 2a,b), neutral zone forms
in the centre of the perovskite layer, where the electrostatic
potential is almost constant and the electric field vanishes.
Therefore, drift currents are limited to optically generated
carriers within the very thin depletion regions next to the
junctions. However, the doping concentration in the perovskite
layer is typically much lower compared to the transport layers,
so that full depletion can be assumed (Fig. 2e,f). This implies
that the two depleted regions of two heterojunctions intersect
at one point and free carrier concentrations are negligible

compared to the fixed charge density in the perovskite film.
III. MODELING OF PEROVSKITE-BASED SOLAR CELLS

Perovskite-based solar cell as depicted in Fig. 2e were
modeled. The core model assumes an ideal solar cell, ignoring
interface charge traps. When calculating the diffusion current
in a solar cell the minority carrier concentrations in the n-type
and p-type quasi-neutral regions (the ETL and HTL) need to
be known, in the presence of optical generation. In previous
studies, the generation term in the quasi-neutral regions was
assumed to be zero and therefore the diffusion current was
simply the dark current, a simplification that cannot be justified
[6], [12]–[15]. To the best of our knowledge, this assumption
is still widely accepted and implemented in present models of
PSC. While such a simple approach can fit the experimental
data, it fails at predicting the device characteristics if any
of the device parameters is changed. In our analysis, the
minority carrier profiles are obtained by applying the boundary
conditions at the edges of the depletion regions in the ETL and
HTL. An important point is that these profiles are a function
of the voltage across the entire solar cell, VL, which is also
linked to the drift current and incident photon flux.

We derive a general expression to obtain the minority-
carrier densities in the ETL and HTL layers, while taking the
optical generation of the minority carriers in the n-type and p-
type quasi-neutral regions into account. Then, neglecting the
influence of the optical generation on the minority carriers,
we discuss the validity of this widely accepted assumption
and prove that leads to inconsistent predictions.

A. General Approach
To simplify the analysis, an abrupt transition between the

neutral and depleted region is used to solve in one-dimensional
(1-D) Poisson equation with a full depletion approximation.
We consider the heterojunction as a homojunction with smooth
transitions of ∆Ec and ∆Ev inside the depletion region, which
has been widely used in the earlier approaches [16]. With this
assumption, the analysis can be greatly simplified and, the
diffusion currents are similar to regular p-n junctions with the
appropriate parameters in place. Therefore, the band offsets
∆Ec and ∆Ev and derivative discontinuities do not exist at our
generation rates. Each diffusion current component depends on
the properties of the diffusion side only, as is the case in a
homojunction. This assumption has been already proposed and
is well explained in [16].

In addition, we took the impact of the discontinuity at the
conduction- and valence-band edges on the electrostatics into
account by solving the Poisson equation for a step junction
while introducing the built-in potentials as parameters.

It is worth mentioning that a precise estimation of the
voltage-dependent charge collection at the heterojunction has
been always a challenge in PSCs. This might affect cell
efficiency and carrier transport (J-V and C-V) under light
and dark conditions [17], [18]. This is however not taken
into account in the core model, which intends to capture the
essential physics in this type of solar cells.

In equilibrium, the majority carrier density in the HTL
at the edge of the depletion region (x = −xp) is obtained
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TABLE I
LIST OF SYMBOLS USED IN THE MODEL DERIVATIONS IN THIS STUDY.

Description Symbol Unit

Built-in potentials Vbi1 Vbi2 V

Electron charge q C

Thermal voltage UT V

Potential profile ψ V

Bottom of the conduction band EC eV

Top of the valence band EV eV

Fermi level EF eV

Electric field E V/m

Density of hole transport Layer NA cm−3

Density of electron transport Layer ND cm−3

Thickness of perovskite layer Wpr m

Majority carrier densities pp, nn cm−3

Minority carrier densities np, pn cm−3

Output voltage VL V

Conduction band discontinuities ∆Ec1 ∆Ec2 eV

e/h excess carrier concentration ∆n, ∆p cm−3

e/h coefficient Dn, Dp cm2/s

e/h diffusion length Ln, Lp m

e/h mobility µn, µp cm2/V s

as pp(−xp) = pn− exp(Vbi1/UT), where pn− is the hole
carrier density in the perovskite film, which is linked to
the minority carrier density in the TiO2 layer, pn0, through
pn− = pn0 exp(Vbi2/UT), yielding

pp(−xp) = pn0 exp

(
Vbi1 + Vbi2

UT

)
. (1)

Similarly, in equilibrium, the majority carrier density in the
ETL at the edge of the depletion region (x = xn) is given by

nn(xn) = np0 exp

(
Vbi1 + Vbi2

UT

)
. (2)

Since solar cells operate under a forward bias, VL, equations
(1) and (2) are rewritten for non-equilibrium conditions, i.e.
VL 6= 0,

pp(−xp) = pn(xn) exp

(
Vbi1 + Vbi2 − VL

UT

)
, (3)

nn(xn) = np(−xp) exp

(
Vbi1 + Vbi2 − VL

UT

)
, (4)

where pn(xn) and np(−xp) are the minority carrier densities,
including the excess carrier concentrations at the edge of
the depletion region, given by pn(xn) = pn0 + ∆p and
np(−xp) = np0 + ∆n with ∆n and ∆p the excess electron
and hole carrier concentrations. Both, pn(xn) and np(−xp)
depend on VL through the exponential terms.

Dividing (1) by (3) and (2) by (4) leads to a set of boundary
conditions for the minority carriers in non-equilibrium, at the

edges of the depletion regions of ETL and HTL layers,

pn(xn) = pn0 exp

(
VL

UT

)
and

np(−xp) = np0 exp

(
VL

UT

)
.

(5)

In addition, the carrier density at the metal contacts is
assumed to equal the thermal-equilibrium carrier density with-
out excess carriers since these will recombine at the contact,
resulting in a further set of boundary conditions

np(−wp) = np0 and pn(wn) = pn0. (6)

Next, the minority-carrier densities in the ETL and HTL are
determined from the 1D diffusion-continuity equations,

Dp
∂2pn

∂x2
− pn − pn0

τp
+Ge(x) = 0, (7)

Dn
∂2np

∂x2
− np − np0

τn
+Ge(x) = 0, (8)

where Dn = µnUT , and Dp = µpUT are the carrier diffusion
constants, µn and µp are electron and hole carrier mobilities,
τn and τp are the lifetimes of excess carriers, and pn0 and np0

the equilibrium hole and electron densities.
Both thermal carrier generation and recombination losses

for electrons and holes have been taken into account in the 1D
diffusion-continuity equations, i.e. (7) and (8), where the total
steady-state generation and recombination rates of carriers per
unit volume are given by (pn − pn0)/τp and (np − np0)/τn,
with τn and τp the “average” lifetime for electrons and
holes). Indeed, combining (7) and (8), while including the
terms of carrier recombination leads to the Shockley-Read-
Hall expression for the trap-assisted recombination.

The term Ge(x) is the electron-hole generation rate is given
by

Ge(x) = φ0α exp [α (x− wn)] , (9)

where φ0 is the incident photon flux per unit area given by
Popt(1 − R)/Ahν, R is the reflection coefficient, A is the
device area, α is the absorption coefficient, Popt is the incident
optical power, and hν is the photon energy.

The fact that the impact of refractive index has been taken
into account through (9) where the reflection coefficient, i.e.
R, determines the flux which enters into the solar cell through
the incident optical power, which gives the electron-hole
generation rate within the solar cell.

It is worth mentioning that relation (9) is not limited to thick
silicon solar cells. It represents an energy dependent absorption
profile, where α depends on the photon energy. Nevertheless,
the validity of the core model is verified throughout this article
by comparing it with an ideal device for a given wavelength
to ensure that it captures the essential physicsof the solar
cells. In case of many wavelengths, (9) has to be integrated
over energy. That becomes necessary because the quasi-neutral
regions (ETL and HTL) have band-gaps of ca. 3−3.2 eV [19],
i.e., they absorb in the spectral range of ca. 385− 415 nm. By
integrating over this wavelength. range, (9) remains valid and
the energy-dependent absorption profile does not need to be
taken into account in the core model. The number of photons

This article has been accepted for publication in IEEE Journal of the Electron Devices Society. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JEDS.2022.3184397

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



4 IEEE JOURNAL OF THE ELECTRON DEVICES SOCIETY, VOL. XX, NO. XX, XXXX 2022

TABLE II
PREVIOUSLY DEVELOPED MODELS FOR THICK (1) AND THIN (2) TRANSPORTATION LAYERS AND OUR APPROACH (3) THAT INCLUDES OPTICAL

GENERATION IN THE DIFFUSION CURRENT.

N. Models Description Diffusion Models

1 Simplified Model (29) Dark current Te & Th � Ln & Lp Idiff = qA
(

Dnnp0

Ln
+

Dppn0
Lp

) [
exp

(
VL
UT

)
− 1
]

2 Simplified Model (26) Dark current for all thicknesses of ETL & HTL Idiff = Is [exp(VL/UT)− 1]

Is = qA
[
Dnnp0

Ln
coth

(
wp−xp

Ln

)
+

Dppn0
Lp

coth
(

wn−xn
Lp

)]
3 Present Model Dark Current Jp,diff |x=xn=−qDp

{
c1
Lp
− c2

Lp
+ kpα exp [α (xn − wn)]

}
+ Jn,diff |x=−xp= qDn

{
c′1
Ln
− c′2

Ln
+ knα exp [−α (xp + wp)]

}
Optical Generation in thin ETL & HTL Idiff = A(Jn,diff + Jp,diff)

arriving per second per area is given by φ0 (power/photon
energy) in the spectral distribution of illumination.

Therefore, considering a beam of light, used in our exper-
iments (Section IV), with a power of 100m Watt/cm2 and a
wavelength of 385 nm leads to φ0 = 1.9× 1021 photons/m2s.

The general solution of (7) and (8), before applying the
boundary conditions, are thus given by

pn = C1 exp

(
x− xn

Lp

)
+ C2 exp

(
−x− xn

Lp

)
+ pn0 + kp exp [α (x− wn)] ,

(10)

np = C ′1 exp

(
x+ xp

Ln

)
+ C ′2 exp

(
−xp + x

Ln

)
+ np0 + kn exp[α(x− wn)],

(11)

where Ln =
√
Dnτn and Lp =

√
Dpτp are the diffusion

lengths for electrons and holes and kn and kp are given by

kp =
τpφ0α

1− τpDpα2
and kn =

τnφ0α

1− τnDnα2
. (12)

Applying the boundary conditions (5) and (6) to (10) and
(11) yields

C1 =
[pn0(1− eVL/UT) + kpe

−αTe ]e−Te/Lp − kp

2 sinh (Te/Lp)
, (13)

C2 = pn0(eVL/UT − 1)− kpe
−αTe − C1, (14)

C ′1 =
[np0(1− eVL/UT) + kne

−αTpe ]eTh/Ln − kne
−αT

2 sinh (−Th/Ln)
,

(15)
C ′2 = np0(eVL/UT − 1)− kne

−αTpe − C ′1, (16)

where thicknesses of the layers are given by Te = wn− xn ≈
TTiO2 , Tpe = wn+xp ≈ TTiO2 +Wpr, Th = wp−xp ≈ TSpiro

and T = wn + wp ≈ TTiO2
+Wpr + TSpiro.

Under steady-state conditions the total photocurrent density
is given by

Jtot = Jdrif + Jdiff , (17)

where Jdiff = Jn,diff + Jp,diff corresponds to the flow of
carriers from higher to lower concentrations, as determined
by the 1D diffusion equation. Obtaining the excess carrier
distributions from (10) and (11), the total diffusion current

density due to carriers generated outside of the depletion layer
is given by

Jp,diff |x=xn
= −qDP

dpn(x)

dx
|x=xn

=

− qDp

{
c1
Lp
− c2
Lp

+ kpα exp [α (xn − wn)]

}
,

(18)

Jn,diff |x=−xp
= qDn

dnp(x)

dx
|x=−xp

=

qDn

{
c′1
Ln
− c′2
Ln

+ knα exp [−α (xp + wp)]

}
.

(19)

The drift current Jdrift = Jn,drift + Jp,drift arises from free
carriers generated within the depletion region, i.e. within the
perovskite film. Assuming a graded junction where ∆Ec and
∆Ev are smooth transitions inside the depletion region, the
analysis can be simplified. The drift current is then given by

Jdrift = −q
∫ Wpr/2

−Wpr/2

Ge(x)dx = J0 sinh

(
αWpr

2

)
, (20)

where J0 = 2qφ0 exp(αwn). Note that carrier recombination
is neglected within the absorption layer due to the long
diffusion lengths in the perovskite. Note also that the proposed
model takes the electrostatic distortion into account, which is
caused by the screening of the electric field by ‘ions’ within the
perovskite layer through relations (1) - (4). The distribution of
ions is assumed to arise from ionized dopant impurities that are
uniform within each layer. Their contribution is incorporated
through the built-in potentials, Vbi1 and Vbi2 in relations (1) -
(4). The electrostatic impact of these ions is translated into the
band structure distortion by modifying the built-in potentials
through the solution of the Poisson equation (i.e. leading to a
parabolic solution of Poisson’s equation when these distribu-
tions are uniform) between the HTL and ETL and perovskite
film. This indirectly affects the minority carrier densities pn0

and np0 and therefore the saturation current. Therefore, adding
additional ions which are not coming from ionized dopants
will not change the analysis. These ions simply impact the
diode parameters such as the saturation current and the built-
in potentials, Vbi1 and Vbi2 , but not the I−V characteristics.
When extracting the model parameters from measurements,
these considerations are taken into account.
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TABLE III
PARAMETERS OF THE STUDIED SOLAR CELL.

Parameter Symbol Value
Perovskite band gap Eg 1.55eV [20]

ETL band gap Eg(ETL) 3.0eV [19]

HTL band gap Eg(HTL) 3.2eV [19]

Effective VB DoS of perovskite NV,Pr 1017cm−3 [21]

Effective CB DoS of perovskite NC,Pr 1019 cm−3 [21]

Perovskite intrinsic density ni 9× 104 cm−3

Thickness of perovskite layer Wpr 450 nm

Doping of HTL NA 1016 cm−3

Doping of ETL ND 5.06× 1016 cm−3

Electron mobility of ETL µn 10.0 cm2/V s

Hole mobility of HTL µp 3.1cm2/V s

Electron life time in ETL τn 10−6 s

Hole life time in HTL τp 10−6 s

Electron diffusion coefficient Dn 0.271 cm2/s

Hole diffusion coefficient Dp 0.08127 cm2/s

Electron diffusion length Ln 5.2× 10−6m

Hole diffusion length Lp 2.85× 10−6m

DoS: Density of state

B. Simplified Analytical Approach

Neglecting optical generation on the minority carrier profile
in the quasi neutral TiO2 and Spiro films in (7) and (8)
and applying the boundary conditions (5) and (6) leads to
the following minority carrier densities in the quasi-neutral
regions,

pn =pn0+η

[
cosh

x− xn

Lp
−coth

wn − xn

Lp
sinh

x− xn

Lp

]
(21)

np =np0+θ

[
cosh

x− xp

Ln
−coth

wp − xp

Ln
sinh

x+ xp

Ln

]
(22)

where η/pn0 = θ/np0 = [exp(VL/UT)− 1]. The current
density in each quasi-neutral region is obtained by calculating
the diffusion current density using equations (18) and (19),

Jp,diff |x=xn
= −qDP

dpn(x)

dx
|x=xn

=

qDPη

Lp
coth

(
wn − xn

Lp

)
,

(23)

Jn,diff |x=−xp
= qDn

dnp(x)

dx
|x=−xp

=

qDnθ

Ln
coth

(
wn − xp

Ln

)
.

(24)

The total diffusion current is then given by

Idiff = A(Jn,diff + Jp,diff) = Is [exp(VL/UT)− 1] , (25)

where Is can be written as

Is
qA

=

[
Dnnp0

Ln
coth

(
wp − xp

Ln

)
+
Dppn0

Lp
coth

(
wn − xn

Lp

)]
(26)

and A is the area of the solar cell. Note that the total drift
current is still given by (20).

In addition, in case φ0 = 0, i.e. optical generation does not
take place in the quasi-neutral regions and thus kp = kn = 0,
cancelling the RHS terms in (18) and (19). In this special case,
both the simplified and general approaches lead to the same
results.

When the thicknesses of the quasi neutral regions become
larger than the minority-carrier diffusion lengths, (21) and (22)
can be simplified to

pn = pn0 + η exp

(
−x− xn

Lp

)
, (27)

np = np0 + θ exp

(
−x+ xp

Ln

)
. (28)

Then, the total diffusion current is simplified to

Idiff = qA

(
Dnnp0

Ln
+
Dppn0

Lp

)[
exp

(
VL

UT

)
− 1

]
. (29)

Even though (29) is widely used and generally accepted
to study the impact of physical parameters on the output
characteristics of photovoltaic cells, it fails at predicting accu-
rately the influence of the parameters on the photovoltaic cells
with thin quasi neutral regions. In addition, this oversimplified
model underestimates the contribution of the diffusion terms
related to the optical generation in the quasi neutral regions. It
is worth mentioning that this will have no impact on the total
current and other PSC parameters if the ETL and HTL are
transparent. The proposed approach and previously developed
models are summarized in Table II and they were implemented
to extract the PV cell parameters from the experimental I−V
characteristics of our devices.

C. Model comparisons and improvement
To better understand the impact of the optical generation

on minority carriers in the n-type and p-type quasi-neutral
regions, we compare the I−V output characteristics obtained
from the simplified model where the optical generation is
ignored in the quasi-neutral regions, and the proposed model
in the presence of optical generation.

Fig. 3 shows the diffusion current-voltage characteristics
predicted by the three models of a photovoltaic with the
parameters listed in Table III. Fig 3a compares the diffusion
current calculated with the simplified models given by (25) and
(29) for a device with thick ETL and HTL (Te = Th = 10 µm).
In this case, the thicknesses of the quasi-neutral regions
are larger than the minority-carrier diffusion lengths and no
dependence of transport layer thicknesses are expected and
both simplified models accurately predict the dark current.

However, as soon as the transport layer thicknesses are
reduced to values below the minority-carrier diffusion lengths
(Te = Th = 200 nm), the simplified model of (29) fails in
predicting the dark current of the device, with a large mismatch
in the open-circuit voltage predicted by the two simplified
models (Fig 3b).

Fig 3c compares the I−V characteristics obtained from our
model (18),(19), and (20), with the two simplified models in
the dark, for a device with thin transport layers (Te = Th =
150 nm). Again, the widely used simplified model of (29) fails
at correctly predicting the dark current.
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Fig. 3. Comparison of solar cell diffusion current-voltage characteristics predicted by the simplified and and present models. ”Thin” and ”thick”
refer to HTL & ETL with layers thinner and thicker than diffusion length, respectively. (a) A comparison of the diffusion current calculated with the
simplified models given by (25) and (29) for a device with thick ETL and HTL, (b) a large mismatch in the open-circuit voltage is predicted by
the two simplified models when the transport layer thicknesses are below the minority-carrier diffusion lengths, (c) a comparison of the I − V
characteristics obtained from our model with the two simplified models in the dark, for a device with thin transport layers, and (d) a comparison of
the I − V characteristics of the tree models under low light illumination for thin transportation layers.

0.0 0.4 0.8 1.2 1.6 2.0
0

3x10-5

6x10-5

9x10-5

LIGHT:
1.9E+21 Photons/m2.sTo

ta
lc

ur
re

nt
[A

]

VL [volt]

Simplified model for thick layers
Simplified model for thin layers
Our proposed model
Experimental data (Device 1)

3 models for:
Real system+EXP
(Thin layers HTL & ETL)

0.0 0.4 0.8 1.2 1.6 2.0
0

3x10-5

6x10-5

9x10-5

LIGHT:
1.9E+21 Photons/m2.s

3 models for:
Real system+EXP
(Thin layers HTL & ETL)

Simplified model for thick layers
Simplified model for thin layers
Our proposed model
Experimental data (Device 2)

To
ta

lc
ur

re
nt

[A
]

VL [volt]

a b

Fig. 4. Total current-voltage characteristics of two wide-bandgap photovoltaic cells, i.e. (a) device 1, (b) device 2, with no difference in fabrication
process steps. Comparison of the two simplified and the new models to experimental data and simulation results at room temperature. The scan
rate was 20 mV/s.

Fig 3d compares the I − V characteristics of the tree models
under low light illumination, i.e. φ0 = 1010 photons/sec,
for thin transportation layers (Te = Th = 150 nm). In this
comparison, only the proposed model predicts a finite short-
circuit current (Isc), which is not properly predicted by the

simplified models. Isc cannot be estimated by the drift current
(20) only. In the simplified approaches the fail in predicting
a finite value of Isc stems from neglecting optical generation
in the electron and hole transportation layers when deriving
the minority carrier currents. A direct consequence of practical
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TABLE IV
EXTRACTED SEMICONDUCTOR PHYSICAL QUANTITIES OF THE

FABRICATED CELLS USING OUR PROPOSED MODEL.

Parameter Device 1 Device 2
Perovskite band-gap, Eg [eV] 2.3 2.3

Absorption coefficient, α [m−1] 8.4× 10−5 7.9× 10−5

Incident photon flux, φ0 [photon/m2 s] 1.9× 1021 1.9× 1021

Thickness of perovskite layer, Wpr[nm] 330 330

Thickness of ETL, Te [nm] 160 160

Thickness of HTL, Th[nm] 130 130

Doping of HTL, NA[cm−3] 1.4× 1017 1.6× 1017

Doping of ETL, ND[cm−3] 1.3× 1017 1.2× 1017

E-mobility of ETL, µn [cm2/V Sec] 7.1 3.2

H-mobility of HTL, µp [cm2/V Sec] 4.4 1.2

Electron life time in ETL , τn [Sec] 10−6 10−6

Hole life time in HTL , τp [Sec] 10−6 10−6

E-diffusion coefficient, Dn [cm2/Sec] 0.18963 0.08127

H-diffusion coefficient, Dp [cm2/Sec] 0.1192 0.0325

importance is that these models fail in predicting the maximum
power mode of operation, the fill factor, and therefore the
efficiency of photovoltaic cell.
Even though the ultimate goal of the model is to quantitatively
describe experimental results, an important preliminary step
concerns the derivation of a physics-based model. To confirm
the validity of the model, its results were compared to sim-
ulations obtained using the SCAPS package [22], plotted in
Fig 3d. This comparison shows a good agreement between the
model and simulated I-V characteristic.

IV. EXPERIMENTS

A. Solar cell device fabrication

1) Substrate and ETL preparation: Fluorine-doped tin oxide
(FTO) pre-etched substrates (Sigma-Aldrich, TEC-7) were
cleaned by ultrasonication in 2% Hellmanex water solution,
isopropyl alcohol (IPA) and ethanol. Next, all the substrates
were cleaned by a plasma treatment for 5 min. A compact TiO2

layer was deposited on FTO by spray pyrolysis, using oxygen
as a carrier gas, at 450 °C from a precursor solution of titanium
diisopropoxide bis(acetylacetonate) stock solution (75 wt.% in
isopropanol) and acetylacetone in anhydrous ethanol. Then,
a mesoporous TiO2 layer was deposited by spin coating
using a 30 nm particle paste (Dyesol 30 NR-D) diluted in
ethanol (100 mgmL−1). After the spin coating, the substrates
were sintered with a ramped-up temperature profile. A Li-
treatment of mesoporous TiO2 was performed by spin coating
a 10 mgmL−1 solution of bis(trifluoromethane)sulfonimide
lithium salt (Li-TFSI) in acetonitrile. After cooling down, the
substrates were transferred into a nitrogen atmosphere glove
box to deposit the perovskite films.

2) Perovskite precursor solution and film preparation: A
MAPbBr3 solution was prepared from a precursor solu-
tion containing MABr and PbBr2 (1.4 M) in anhydrous
DMF:DMSO 3:1 (v:v). MAPbBr3 films were prepared by
the flash infrared annealing (FIRA), which include the spin-
coating of the perovskite solution in a single step at 4000 rpm
for 10 s [23]–[29]. The substrates were then IR irradiated for
1.4 s in the FIRA oven and were kept there for 20 additional

seconds before removal and cooling within several min. The
FIRA processing was done in a glove box.

3) Hole transport layer and top electrode: After the per-
ovskite annealing, the substrates were cooled down for a few
minutes and a spiro-OMeTAD (Lumtec) solution (70 mM in
chlorobenzene) was spin coated at 4000 rpm for 20 s. Spiro-
OMeTAD was doped with Li-TFSI (SigmaAldrich) and 4-tert-
butylpyridine (TBP, SigmaAldrich). Finally, 80 nm of gold was
thermally evaporated under high vacuum as top electrode.

B. Experimental results

Two perovskite solar cells were fabricated with the same
active area of 16×25 mm2 (Fig. 1c). Cross-sectional scanning
electron microscopy (SEM) images of fabricated device is
shown in Fig. 1d. The typical thicknesses of the compact and
mesoporous TiO2 layer, the perovskite (MAPbBr3) and spiro-
OMeTAD were about 185, 330 and 120 nm, respectively.

The fabricated devices were tested under simulated solar
irradiation (100 mW/cm2, AM 1.5G) using a solar simulator
from ABET Technologies (Model Sun 2000) with a xenon
arc lamp, and the solar cell response was recorded using
a Metrohm PGSTAT302N Autolab. The light intensity was
calibrated using a silicon reference cell from ReRa Solutions
(KG5 filtered) [23]. Current-voltage curves were measured
using a scan rate of 20 mVs−1. The cells were masked with a
black metal mask (area: 0.09936 cm2) in order to fix the active
area and reduce the influence of the scattered light.

The current-voltage (I − V ) curves of a the two devices
are shown in Fig. 4. The first cell (Device 1) had a PCE
of 5.58%, VOC = 1.24 V, JSC = 5.92 mA cm−2 and FF =
76.3%. The second cell (Device 2) achieved a PCE of 5.68%,
VOC = 1.31 V, JSC = 5.8 mA cm−2 and FF = 74.2%. As
demonstrated in Fig. 4, the developed model for PSCs captures
precisely the measured current-voltage characteristics of our
fabricated devices, while the previously published models fail
at predicting those characteristics with the same set of physical
parameters.

V. MODEL ASSESSMENT AND PARAMETER EXTRACTION

The model was validated by comparing the simulation
results with the experimental data. The output characteristics
of the devices and the simulations at room temperature are
shown in Fig 4. The agreement between the model and the
measurements is good for the whole range of operation. Due
to the inclusion of relevant effects and the accuracy over a
very broad voltage range, the model is able to predict the
behavior of these solar cell and can be used to extract the
model parameters in a fast and reliable manner.
The parameter extraction starts by extracting the absorption
coefficient α, followed by the extraction of the other param-
eters, such as doping concentrations, mobility and lifetime of
carriers in the transport layers from the plots. Table IV gives
the values of the relevant parameters used in the model. There-
fore, relying on the new model, the parameters identification
for photovoltaic cells and also technological parameters are
accurately extracted from our experimental results unlike with
using simplified approaches.

This article has been accepted for publication in IEEE Journal of the Electron Devices Society. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JEDS.2022.3184397

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



8 IEEE JOURNAL OF THE ELECTRON DEVICES SOCIETY, VOL. XX, NO. XX, XXXX 2022

VI. CONCLUSION

Up to now, the impact of optical generation in the quasi-
neutral regions has been neglected in analytical models of
PSCs. This assumption, which is still widely accepted and
implemented, fails in predicting accurately the influence of
the various parameters of the photovoltaic cells on the output
characteristics. This article adopts a drift-diffusion transport
mechanism that includes the local optical generation across the
entire device structure and develops a physics-based model of
perovskite photovoltaic cells that can predict the device char-
acteristics from the device parameters, significantly improving
earlier approaches. This modeling approach was verified by
measurements of fabricated perovskite cells. Our new model
will allow the optimization of perovskite solar cells, making
use of a simple set of analytical relationships.
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J. J. Jerónimo-Rendón, M. Saliba, P. P. Boix, and I. Mora-Seró,
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