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Abstract: A physics-based compact analytical model for studying the current–voltage characteristics
of perovskite solar cells has been proposed by considering the external voltage-dependent carrier
transport, exponential photon absorption, and bulk charge carrier recombination. The explicit analyt-
ical expressions for both the forward dark and photocurrents in perovskite solar cells are derived.
The current in the external circuit is calculated considering the actual solar spectrum. The mathe-
matical models are verified and useful physical parameters are extracted by comparing the model
calculations with the published experimental results on various perovskite solar cells. The proposed
model shows excellent agreement with the experimental results. The power conversion efficiency
can be improved further by enhancing the carrier transport in the perovskite layer. The improvement
in charge carrier transport enhances the fill factor and hence the power conversion efficiency.

Keywords: perovskite solar cells; current–voltage characteristics; analytical model; dark current;
trapping/recombination; charge collection

1. Introduction

Halide perovskite solar cells (PSCs) have attracted widespread attention in recent years
due to their high power conversion efficiency and solution-based easy fabrication [1,2]. The
power conversion efficiency (PCE) of these PSCs has reached above 20% within only 5 years
of research and development [3,4]. To date, the following three perovskite halides have
shown very promising photovoltaic characteristics: (i) methylammonium lead triiodide
(MAPbI3, where MA is CH3NH3), (ii) mixed halide MAPbI3−xClx, and (iii) formamidinium-
based (FAPbI3)0.85 (MAPbBr3)0.15, where FA is NH2CHNH2. Among these perovskites,
MAPbI3 is the most studied material [5,6]. The reported bandgap of MAPbI3 is 1.55–1.6 eV.
Cl doping to MAPbI3 improves the stability of the perovskite film and thus MAPbI3−xClx
is commercially more stable. The bandgap of MAPbI3−xClx is 1.55 eV and it shows light
absorption at a wavelength of up to 790 nm [1]. The bandgap of FAPbI3 is 1.47 eV. FAPbI3
shows broader light absorption of the solar spectrum than MAPbI3. However, FAPbI3
is less stable than MAPbI3. The perovskite (FAPbI3)0.85 (MAPbBr3)0.15 shows a stable
perovskite phase, having a bandgap of 1.55 eV, and absorbs light at a wavelength of up
to 840 nm. The optical gap is slightly lower (~40 meV) than the fundamental electronic
bandgap [7].

The above polycrystalline perovskites show good carrier transport properties. The
electron and hole mobilities are in the range of 2–10 and 5–15 cm2V−1s−1, respectively [8,9].
Although some of the perovskite solar cells exhibit visible hysteresis in the current–
voltage (J-V) characteristics under forward and reverse bias sweep [10], this hystere-
sis behavior depends on the perovskite materials (FAPbI3 or MAPbI3) and cell archi-
tecture (n-i-p or p-i-n) [2,3]. For example, the ITO/PEDOT:PSS/MAPbI3/PCBM/Ag or
ITO/PCBM/MAPbI3/TaTm/Au solar cell structure shows negligible hysteresis [10,11]. In
these two structures, PEDOT:PSS or TaTm is the hole transport layer (HTL) and PCBM
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is the electron transport layer (ETL). FAPbI3-based PSCs with a n-i-p architecture show
insignificant hysteresis [2]. FAPbI3-based perovskite solar cells show a state-of-the-art
power conversion efficiency of 20.8% [3]. Though PSCs show high PCE in a small area,
their efficiency degrades in large-area cells [12]. Therefore, it is vital to understand the
physics of device operation to identify the factors that limit their efficiency and determine
methods to improve their performance further. In this context, a physics-based model for
the voltage-dependent photo- and dark currents is vital for improving the required areas
of material properties and device structure.

A limited number of attempts have been made in the literature to model the current–
voltage characteristics of perovskite solar cells [13,14]. Richardson et al. [13] described
extensively the hysteresis phenomenon in perovskite solar cells by considering the motion
of ions. Sherker et al. [14] proposed a drift-diffusion model by numerically solving the
continuity and Poisson’s equations. They did not show the physics of the dark current,
and the model fitting showed a significant deviation from the experimental results. Sun
et al. [15] developed an analytical model for perovskite solar cells but their model did not
consider bulk carrier recombination. The bulk recombination has a significant effect on
both the dark and photocurrents.

The photogenerated electrons and holes drift across the perovskite layer by the built-
in electric field and some of these carriers are lost by bulk recombination. The large
dielectric constant of perovskite materials screens the presence of electrons and holes,
which results in a very low bimolecular recombination coefficient in perovskites [16].
The polycrystalline perovskite is close to an intrinsic semiconductor [16]. The dominant
recombination mechanism in PSCs is the non-radiative trap-assisted Shockley–Read–Hall
(SRH)-type recombination [3]. At the operating output voltage, the built-in effective electric
field is decreased, which reduces the charge collection efficiency of the photogenerated
carriers. Moreover, the forward diode-like current (which is considered the dark current)
increases simultaneously. Since there exist quasi-Fermi levels all over the active layer
(with an increase in both electron and hole concentrations), the bulk recombination current
should be the dominant dark current mechanism in perovskite solar cells [17]. Both the
photo- and dark currents critically depend on the charge carrier transport properties of
the bulk perovskite material and cell structure. Thus, the power conversion efficiency is
mainly dominated by the photon absorption, SRH-type recombination, and dark current.

In this paper, an analytical model for a voltage-dependent photocurrent has been
proposed considering external voltage-dependent charge carrier transport through the bulk
perovskite, exponential photon absorption, carrier trapping (SRH-type recombination), and
actual solar spectrum. The incident solar radiation is taken as the air mass (AM) 1.5 global
spectrum. An analytical expression for the voltage-dependent forward dark current is
also proposed by considering monomolecular recombination in the bulk layer. The model
calculations of both the dark and net current–voltage behaviors are compared with the
published experimental results on three perovskites solar cells mentioned above, which
facilitates the extraction of important carrier transport and cell parameters.

2. Theoretical Model

Under an external load, the net external current density from a solar cell can be written
as [18,19]

J(V) = Jd(V) +
V − Rs J(V)

Rp
− Jph(V) (1)

where V is the external voltage, and Jd(V) and Jph(V) are the forward dark current and
photocurrent densities, respectively. Here, Rs and Rp are the effective series and shunt
area resistances, respectively. The effective series resistance includes all contact resistances
including the ETL and HTL layers.

The work function differences in two electrodes at both ends of the structure create
a built-in voltage Vbi. However, the value of Vbi greatly depends on the surface states
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along the interfaces of the cathode and anode electrodes. Since these interface states are
not precisely known, Vbi is considered as a fitting parameter in this paper.

At thermal equilibrium, the energy band tilts to make the Fermi level flat. Once
there exists an external voltage across the cell structure, the tilting of the band is reduced,
which creates a separation of Fermi levels that are called quasi-Fermi levels [17]. The
creation of the quasi-Fermi levels enhances the recombination and thus increases the
dark current. In the majority of the perovskite layer, the difference between two quasi-
Fermi levels EFn–EFp ≈ eV [17]. In this context, Saleheen et al. [17] developed a physics-
based mathematical model for an external voltage-dependent forward dark current by
considering SRH recombination in the bulk layer. Considering Vbi >> Vt (thermal voltage),
the voltage-dependent excess recombination current can be expressed as [17]

Jd = eniL
Vt

Vbi−(V−JRs)

[
1
τe

exp
(

φh−φe
2Vt

)
+ 1

τh
exp

(
φe−φh

2Vt

)]
×{

exp
(

V−JRs
2Vt

)
− exp

[
2(V−JRs)−Vbi

2Vt

]} (2)

where e is the elementary charge, ni is the intrinsic carrier concentration in the perovskite
layer, L is the perovskite layer’s thickness, Vt = kT/e is the thermal voltage, k is the
Boltzmann constant, T is the absolute temperature, τe and τh are the lifetimes of electrons
and holes, respectively. It is assumed in Equation (2) that Vbi >> Vt. Here, φe and φh are
the effective injection barrier heights to the perovskite layer for electrons and holes. The
interface states between various layers are not precisely known and thus these barrier
heights may not be accurately determined. Moreover, the contacts are not purely ohmic.
Therefore, all the voltage-independent terms in Equation (2) can be combined into a fitting
parameter Jc. Thus, Equation (2) becomes

Jd = Jc
Vt

Vbi − (V − JRs)

{
exp

(
V − JRs

2Vt

)
− exp

[
2(V − JRs)− Vbi

2Vt

]}
(3)

The n- and p-layer thicknesses in the n-i-p or p-i-n structure are much smaller than
the i-layer thickness. Therefore, the incident photons are mainly absorbed in the perovskite
active layer (i-layer) and free electron–hole pairs (EHPs) are created there. The movements
of these free carriers contribute to the external current. The EHP generation rate (G) in the
perovskite layer can be expressed as [20]

G(λ, x) = G0(λ)e−α(λ)x, (4)

and
G0(λ, 0) = α(λ)[1 − R(λ)]λI0(λ)/hc (5)

where x is the distance from the radiation-receiving contact (top contact), G0 is the carrier
generation rate at x = 0, I0 is the intensity of the solar radiation (W/cm2-nm), c is the speed
of light, h is the Plank constant, α(λ) is the absorption coefficient of perovskite, and λ is the
incident photon wavelength. Here, R is the surface reflection and other loss factor. The
other losses include shading from the grid, absorption in the top layers, the blackbody
radiation, and incomplete EHP generation in the perovskite layer.

The photogenerated electrons and holes are moved in opposite directions by the
built-in electric field in the perovskite layer. In the n-i-p structure, electrons drift towards
the radiation-receiving electrode (top contact) and holes drift towards the bottom electrode.
Considering the nearly uniform electric field across the perovskite layer, the steady-state
continuity equations for holes and electrons are

∂p
∂t

= −µhF
∂p
∂x

− p
τh

+ G0e−αx = 0, (6)

∂n
∂t

= µeF
∂n
∂x

− n
τe

+ G0e−αx = 0, (7)
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where p and n are the concentrations of holes and electrons, respectively. The solutions
of Equations (6) and (7) give the profiles of electron and hole concentrations across the
perovskite layer. The external photocurrent can be calculated from these charge carrier
profiles using the Shockley–Ramo theorem [21,22]. The analytical expression of the external
voltage-dependent photocurrent for incident photons of wavelength λ is derived, which is
given by [20]

jph(λ, V) = eG0L


(

L
µhτh F − αL

)−1
[

1
αL
(
1 − e−αL)− µhτh F

L

(
1 − e−

L
µh τh F

)]
+
(

L
µeτe F − αL

)−1[ 1
αL
(
1 − e−αL)− µeτe F

L

(
e−αL − e−αL− L

µeτe F
)]

 (8)

where µe and µh are the mobilities of electrons and holes, respectively. Hernandez-Garcia
et al. [23] showed that the electric field distribution is almost uniform across the bulk layer
if the layer thickness is in the submicron range. Therefore, the electric field F is considered
uniform across the active layer. The electric field F can be written as

F =
Vbi − (V − JRs)

L
(9)

The photocurrent density due to the total incident sun spectra can be obtained by
integrating the photocurrent for all photon wavelengths of the solar spectrum, i.e.,

Jph(V) =
∫ ∞

0
jph(λ, V)dλ (10)

For p-i-n type structures, the electron and hole transport parameters (µ and τ) must
be interchanged in Equation (8).

3. Results and Discussion

The external voltage-dependent dark and photocurrent densities are calculated using
Equations (3) and (10), respectively. Then, the net external current density J for a particular
external voltage V is determined by solving Equation (1) using MATLAB equation solver.
The incident photon flux I0(λ) is taken as the air mass (AM) 1.5 global spectrum from the
ASTM G-173-03 standard [24]. The theoretical model is applied to all three perovskite solar
cells mentioned earlier. Both the dark and net (sum of the dark and photocurrent) current
behaviors as a function of the external voltage in perovskite solar cells are examined by
comparing the theoretical calculations with published experimental results. The active
layer thickness of the cells is ~0.5 µm. For simplicity, both electron and hole mobilities are
assumed to be 8 cm2V−1s−1.

In polycrystalline perovskites, the hole mobility is slightly higher than the electron
mobility. In most of the samples, the hole mobility is less than two times higher than the
electron mobility. Since the electron–hole pair generation is exponential across the thickness,
the charge collection efficiency mainly depends on the carrier type (electrons or holes)
that moves towards the bottom electrode. Therefore, the photocurrent is quite insensitive
to the transport properties of the other types of carriers. Moreover, the mobility lifetime
products of electrons and holes are quite comparable (within one order of magnitude) in
perovskite materials. Considering all the above, and to reduce the number of variables in
the fitting to experimental data, the electron and hole mobilities are considered equal in
this paper. The fitted value of mobility lifetime product mentioned in Table 1 represents
the carrier type that moves towards the bottom electrode (holes in n-i-p and electrons in
p-i-n structure). The change in current–voltage characteristics is not traceable as long as
the mobility lifetime of the other types of carriers remains within the same order, which is
the case in perovskite materials [16].
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Table 1. The extracted parameters for various perovskite solar cells.

Cell Materials/Structure Vbi (V) Jc (mA/cm2) Rs (Ω·cm2) µτ (cm2/V) PCE (%)

MAPbI3/p-i-n [25] 1.2 20.6 × 10−9 5 1.2 × 10−7 16.06

MAPbI3/n-i-p [25] 1.12 7.15 × 10−9 3 1.6 × 10−7 17.9

MAPbI3−xClx/n-i-p [1] 1.15 2.62 × 10−9 6.5 0.96 × 10−7 19.4

(FAPbI3)0.85
(MAPbBr3)/n-i-p [3] 1.15 2.99 × 10−9 5.7 1.2 × 10−7 20.8

3.1. MAPbI3-Based Cells

Figure 1 shows the J-V curves of MAPbI3-based cells having both p-i-n and n-i-p struc-
tures [11]. The compositions of p-i-n and n-i-p structures are ITO/TaTm/MAPbI3/PCBM/Ag
and ITO/PCBM/MAPbI3/TaTm/Au, respectively. The experimental data are extracted
from Figure 4 of Ref. [25]. The symbols, dashed, and solid lines represent the experi-
mental results and the model fit to the experimental results of p-i-n and n-i-p structures,
respectively. The extracted physical parameters for the p-i-n structures, by fitting the
experimental data, are Rs = 5 Ω·cm2, Rp > 104 Ω·cm2, Jc = 2.06 × 10−8 mAcm−2 and τe = τh
= 15 ns, whereas, for the n-i-p structure, the parameters are Rs = 3 Ω·cm2, Rp > 104 Ω·cm2,
Jc = 7.15 × 10−9 mAcm−2 and τe = τh = 20 ns. The dark current is three times larger and
the transport property is slightly inferior in the p-i-n structure. As such, both the open
circuit voltage and the power conversion efficiency (PCE) are higher in the n-i-p structure
(PCE = 17.9 and 16.06 in n-i-p and p-i-n structures, respectively). The performance im-
provement in the n-i-p structure is due to the reduction in forward dark current via better
heterojunction alignment.
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Figure 1. Current−voltage characteristics of a MAPbI3-based solar cell. The experimental data are
extracted from Figure 4 of Ref. [25].

3.2. MAPbI3−xClx-Based Cells

The current–voltage characteristics of a MAPbI3−xClx-based solar cell are shown
in Figure 2. The composition of the n-i-p structure is ITO/TiO2/MAPbI3−xClx/spiro-
OMeTAD/Au. The experimental data are extracted from Figure 3 of Ref. [1]. The symbols,
dashed, and solid lines represent the experimental results and the model fit to the ex-
perimental results of dark and sun illumination, respectively. The extracted physical
parameters are Rs = 6.5 Ω·cm2, Rp > 2 × 104 Ω·cm2, Jc = 2.62 × 10−9 mAcm−2, and τe = τh
= 12 ns. The power conversion efficiency (PCE) is 19.4%. The PCE improvement in this cell
as compared to previous MAPbI3 cells is due to the slightly broader-spectrum absorption
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and lower dark current. The model shows excellent agreement with the experimental
results on both the dark and net currents.
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Figure 2. Current−voltage characteristics of a MAPbI3−xClx-based solar cell. The experimental data
are extracted from Figure 3 of Ref. [1].

3.3. FAPbI3-Based Cells

Figure 3 shows the current–voltage characteristics of a FAPbI3-based solar cell. The
composition of the n-i-p structure is ITO/TiO2/(FAPbI3)0.85 (MAPbBr3)/spiro-OMeTAD/Au.
The experimental data are extracted from Figure 3 of Ref. [3]. The net current is considered
positive in Figure 3. The symbols and solid line represent the experimental results and
the model fit to the experimental results, respectively. The extracted physical parameters
are Rs = 5.7 Ω·cm2, Rp > 2 × 104 Ω·cm2, Jc = 2.99 × 10−9 mAcm−2, and τe = τh = 15 ns.
The power conversion efficiency (PCE) is 20.8%. The further improvement in PCE is due
to further absorption of the lower spectrum. The extracted value of the mobility lifetime
product is 1.2 × 10−7 cm2V−1. The extracted parameters for these three types of perovskite
solar cells are summarized in Table 1.
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Figure 3. Current−voltage characteristics of a FAPbI3-based solar cell. The net current is considered
positive here. The experimental data are extracted from Figure 3 of Ref. [3].

The fill factor and PCE can be improved further by simply improving the carrier
transport. The expected effect of carrier transport on the J-V characteristics of the same cell
is shown in Figure 4. The improvement in charge carrier transport mainly enhances the
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fill factor and PCE. The PCE is enhanced to a value of 23.4% by one order of magnitude,
improving the mobility lifetime product of carriers. There is also a slight increase in the
short circuit current.

Energies 2021, 14, x FOR PEER REVIEW  7  of  8 
 

 

 

Figure 3. Currentvoltage characteristics of a FAPbI3‐based solar cell. The net current is considered 
positive here. The experimental data are extracted from Figure 3 of Ref. [3]. 

 

Figure 4. Effect of carrier transport on current–voltage characteristics of a FAPbI3‐based solar cell. 

The net current is considered positive here. 

4. Conclusions 

In this paper, physics‐based compact mathematical models for the external voltage‐

dependent forward dark and photocurrent in perovskite solar cells have been developed 

by considering the charge carrier transport properties in the bulk material. The theoretical 

models are verified by comparing  the model calculations with published experimental 

results on various perovskite solar cells, which reveals useful carrier transport and cell 

parameters. The model shows excellent agreement with the experimental results. Further 

improvement in the charge carrier transport in the perovskite layer will enhance the fill 

factor and hence the power conversion efficiency. The physics‐based compact model of 

this paper can serve as a tool for extracting charge carrier transport and cell parameters 

and improving the required areas of material properties and device structure. 

Funding: This research received no external funding. 

Institutional Review Board Statement: Not applicable.   

Informed Consent Statement: Not applicable.   

Figure 4. Effect of carrier transport on current–voltage characteristics of a FAPbI3-based solar cell.
The net current is considered positive here.

4. Conclusions

In this paper, physics-based compact mathematical models for the external voltage-
dependent forward dark and photocurrent in perovskite solar cells have been developed
by considering the charge carrier transport properties in the bulk material. The theoretical
models are verified by comparing the model calculations with published experimental
results on various perovskite solar cells, which reveals useful carrier transport and cell
parameters. The model shows excellent agreement with the experimental results. Further
improvement in the charge carrier transport in the perovskite layer will enhance the fill
factor and hence the power conversion efficiency. The physics-based compact model of
this paper can serve as a tool for extracting charge carrier transport and cell parameters
and improving the required areas of material properties and device structure.
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