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Numerical Analysis on the Use of Carbon Nanostructures as
Interlayers to Perovskite Solar Cells Using SCAPS-1D

Wisly Fidel,* Guido Perrin, Ikram Anefnaf, Richard K Koech, Dieuseul Prédélus,
Nicole Doumit, Jacques Botsoa, Conchi O. Ania, and Esidor Ntsoenzok

Despite the numerous efforts to optimize the performance of perovskite solar
cells (PSCs), challenges persist. Carbon materials are promising candidates
for this purpose, but identifying the most suitable carbon material and
understanding its role in the PSC among the wide family of carbons remains a
challenging task. In this study, SCAPS-1D software is employed to optimize
the use of carbon materials as interlayers to PSCs. The best configuration of
the carbon interlayer and the required physicochemical properties of the
carbon materials is identified for improved performance. The simulations
show that the insertion of thin carbon interlayers of adequate features in n-i-p
stacked cells (FTO/TiO2/MAPbI3/HTL/Ni) can increase the efficiency of the
resulting PSCs by over 2.3 %, while significantly improving the open-circuit
voltage and the fill factor. These results underline that those carbon materials
with optical bandgaps ranging from 3 to 3.5 eV offer the best performance as
an interlayer to the hole tranport layer, with negligible impact of the thickness
of the interlayer. This contribution offers a novel perspective on the use of
carbon materials in PSCs and provides new insights into the understanding of
the role of carbon materials as interlayers in PSCs.

1. Introduction

About 85% of current global energy outputs from the combustion
of fossil fuels, which are not only exhaustible resources but con-
tribute to the growing impact of global warming.[1] Furthermore,
the world population expansion in the next 50 years is expected
to be more than 23%, which will also accelerate the global en-
ergy demand.[2,3] To ensure a sustainable production of electricity
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complying with economic growth, con-
sumption needs, and environmental con-
cerns, the use of renewable sources and,
in particular, the conversion of solar energy
is considered one of the best alternatives.
The earth receives ≈1.8 × 1014 kWs−1 of
solar energy per year, and it is estimated
that the amount per hour is sufficient to
meet the needs of humanity for more than
a year.[4] Since the pioneering work of Ko-
jima et al., perovskite solar cells (PSCs)
have attracted significant attention as a vi-
able solar energy harvesting technology.[5,6]

They offer an attractive combination of cost-
effectiveness and superior conversion effi-
ciency, positioning them at the forefront
of sustainable energy solutions. PSCs are
composed of an absorber (the perovskite)
layer encapsulated between two oppositely
doped charge selective layers to form (reg-
ular) n-i-p or (inverted) p-i-n device archi-
tectures, with two appropriate electrodes
where electrons and holes are collected

as electric current.[7] The efficiency of PSCs has continued to in-
crease and currently stands at a laboratory scale of 26.1% for a
n-i-p, 25.52% for a p-i-n single junction, and 33.9% for a per-
ovskite/silicon tandem.[8,9] This accelerated progress has been at-
tributed to the perovskite’s excellent properties such as high opti-
cal absorption, long carrier diffusion length, high defect tolerance
that reduces recombination losses, small exciton dissociation en-
ergy, and flexibility of composition by solution-based synthesis,
among others.[10,11]
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Electron transport layers (ETLs) and hole transport layers
(HTLs) are also among the various factors affecting the perfor-
mance of PSCs. These layers are typically doped to achieve an
optimal performance but suffer from severe degradation.[12] To
overcome this limitation, significant research efforts are being fo-
cused onmodifying the composition of these layers through dop-
ing or incorporating interlayers. Among different options, the
use of carbon nanostructures as interlayers and additives to the
HTL and ETL has attracted attention in the past decades, owing
to their high chemical stability, abundance, and favorable opto-
electronic features.[13,14] As a few examples, Widianto et al., re-
ported the use of graphene oxide as HTL for carbon-based meso-
scopic PSCs; the authors also highlighted the beneficial effect
of graphene oxide on the quality of the perovskite film, result-
ing in larger grain sizes and fewer pinholes.[14] Mariani et al.,
reported the improved efficiency of low-temperature graphene-
based pastes for fabricating stable carbon-based PSCs.[15] The
incorporation of carbon nanotubes into polymer HTL has been
shown to enhance the stability of the layers due to the compact
nature and strong interaction with the carbon nanotubes and to
reduce the cost of the solar cell by more than 5.5%.[16] Tian et
al., have reported optimal hole extraction in perovskite/oxidized
carbon black interfaces, resulting in an improved efficiency of
more than 2% compared to the control device.[17] The potential of
graphene, carbon nanotubes, and carbon quantum dots as inter-
layers at perovskite interfaces and as HTL has also been reported
in the literature, with emphasis on the importance of the concen-
tration of traps to achieve a good carrier collection and passivation
of grain boundaries of the perovskite layer.[18,19,13,20–23]

Despite the promising results reported for various carbon
nanostructures, there is a lack of understanding of the underlying
mechanism of these materials as interlayers. This is mostly due
large variability of carbon materials, and the lack of systematic
studies taking into account their electronic and optical properties.
Indeed, a wide variety of carbon materials and allotropic forms
with very different properties exist depending on the spatial ar-
rangement of carbon atoms and the presence of heteroatoms. As
a result, carbon nanostructures can display very different struc-
tures, electronic conductivity, optoelectronic properties, and re-
activity (among others). As examples, some carbons present a
high electron mobility similar to that of metals (e.g., graphene,
carbon blacks, carbon nanotubes), while other carbons are mod-
erate or poorly conductive (e.g., porous carbons, chars) or insu-
lators (e.g., diamond, hydrochars, graphene oxides and reduced
graphene oxides). All these features are essential for the perfor-
mance of solar cells. Another important issue is the position of
the carbon interlayer in the PSC; different simulation and experi-
mental works have reported promising results in either position,
without a proper rationalization of such behavior. It is evident
that the performance of a carbon interlayer in PSCs (or other so-
lar cells) will strongly depend on the physicochemical character-
istics of the carbon material, but identifying the best carbon in-
terlayer among the wide family of carbons is a challenging, often
neglected task.
Considering all the above, in this work we have used numeri-

cal simulations with SCAPS-1D software to rationalize the role of
carbon nanostructures with diverse electronic and optical prop-
erties as interlayers of HTL in PSCs. Our simulations show that
incorporating a thin carbon interlayer with an optical bandgap

ranging from 3 to 3.5 eV to spiro-OMeTAD as HTL in a regular
n-i-p stacked structure (FTO/TiO2/MAPbI3/HTL-C inter-
layer/Ni) significantly improves the open-circuit voltage and
the fill factor (FF) of the resulting devices, leading to an en-
hancement of 2.3% in the conversion efficiency. The position of
the carbon interlayer is important to ensure a correct balance
band offset of the perovskite/hybrid HTL interface and a good
extraction of the holes. The best bandgap alignment of the
carbon nanostructure and the HTL was obtained for bandgap
values ranging from 2.7 to 3.5 eV, which would point out to
amorphous carbons, porous carbons, and carbon nanotubes as
best candidate nanostructures. Our numerical simulations pro-
vide new insights into the use of carbon materials as interlayers
in PSCs to reach improved performance.

2. Results and Discussion

The purpose of this study was to evaluate using SCAPS-
1D the use of carbon materials as interlayers to the HTL
in a perovskite solar cell with a n-i-p stacked structure
(FTO/ETL/AL/HTL/BCM). Before this, we have optimized sev-
eral aspects of the solar cell such as the thickness of the absorber
layer and the back contact. The next sections summarize this op-
timization.

2.1. Optimization of the Absorber Layer Thickness

We initially optimized the thickness of the active layer in an
FTO/ETL/AL/HTL/BCM solar cell device. This is important to
maximize the current density and to maintain a balance between
light absorption and charge carrier generation. Figure 1 shows
the simulated performance of the solar device varying the thick-
ness of the perovskite active layer between 300 and 1200 nm. In-
creasing the thickness of the active layer (AL) did not modify sig-
nificantly the open-circuit voltage of the cell but increased the
current density with values going from 20.41 to 25.86 mA cm−2

for thicknesses of 300 and 1200 nm respectively. The increasewas
more pronounced for thicknesses between 300 and 700 nm. This
behavior aligns with our expectations, indicating that the light
absorption capacity of the AL in the studied range of thickness
values is increased, without much loss of charge recombination.
The fill factor (FF) decreased by ca. 3%, which indicates a slight

increase in the series resistance owing to a less efficient charge
carrier extraction at the ETL/perovskite and/or perovskite/HTL
interfaces. The conversion efficiency of the cell followed a simi-
lar trend to that described for the current density, with an overall
increasing trend with the thickness that is more pronounced be-
tween 300 and 600 nm, reaching a constant plateau for values
above 700 nm. A similar trend has been reported in the litera-
ture, for FTO/ETL/MAPbI3/NiOx/Au configurations, using vari-
ous ETLs and HTLs.[24]

2.2. Optimization of the Back Contact Metal

The nature of the back contact metal (BCM) used in solar cells
has an important role as it may affect the charge accumula-
tion in the cathode (thus the fill factor and the open-circuit
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Figure 1. Effect of the absorber layer thickness on the main performance parameters of an FTO/ETL/AL/HTL/BCM solar cell: a) J–V curve and open-
circuit potential; b) Fill factor (FF) and Power Conversion Efficiency (PCE). The thickness of the ETL and HTL was set to 50 nm, 100 nm, and the BCM
was gold.

voltage).[25] In our study, we have simulated the performance of
the FTO/ETL/AL/HTL/BCM configuration using noble (Au, Pt)
and non-noble metals (Ni, Cu, Cr) as back contact. Obtained data
concerning key performance indicators of the device are sum-
marized in Table 1. The best cell performance parameters were
obtained for Au, Pt, and Ni, the metals with higher work func-
tions. In the case of copper and chromium, their low work func-
tion values suggest a lower ability to extract the photogenerated
holes, thus the open circuit voltage and conversion efficiency of
the solar cell is lower.
Comparatively, the cells built with Pt, Au, and Ni showed sim-

ilar performance indicators in terms of open-circuit voltage, fill
factor, and conversion efficiency. This suggests that metals with
work functions between 5.7 and 5.1 eV seem to be adequate for
this type of solar cell. We also observed a current density, which
is not affected by the choice of the BCM. Given the high cost and
scarcity of Pt and Au, we have selected nickel as the back con-
tact metal for this study. Furthermore, it has been reported that
Au has some other disadvantages related to an accelerated degra-
dation of perovskite solar cells.[27] The trend observed for BCM
like Pt and Ni further supports the results obtained by Deepthi
et al, whose investigation shows for PSC with an active layer of
MAPbI3 and all inorganic charge transport layers (CTLs), the PCE
remained constant for all BCM with work function higher than
5.1 eV.[28]

Table 1. Performance parameters of an FTO/ETL/AL/HTL/BCM solar cell
varying the nature of the metal used as back contact metal.

Back contact metal Work function [eV][26] VOC [V] JSC [mA∕cm2] FF [%] PCE[%]

Pt 5.6 1.35 24.83 82.26 27.64

Au 5.10 1.35 24.83 82.26 27.64

Ni 5.15 1.35 24.83 82.26 27.64

Cu 4.65 1.03 24.83 77.44 24.98

Cr 4.50 1.28 24.83 67.27 21.45

2.3. Total Defect Density (Dit) at Different Interfaces

The impact of the total defect density (Dit) at the ETL/perovskite
and perovskite/HTL interfaces on the performance of the cell is
shown in Figure 2. The total defect density is an indicator of the
energy band alignment between the perovskite and the charge-
transport layers that affect the non-radiative recombination losses
of the device.[29] The Dit of the interlayers varied from 109 to
1016cm−2, while keeping other parameters constant; these values
correspond to those widely measured and reported in the litera-
ture for these systems.[30–34] As seen in Figure 2a,b, Voc and FF
are very sensitive to Dit while the current density is mostly not
affected (except for very high defects density). Voc decreases sig-
nificantly with the Dit values (going from 1.35 to 1.14 V) which
suggests the formation of an energy barrier at the ETL/AL in-
terface when the density of defects is high. This barrier would in-
duce the accumulation of the charge (reverse saturation current),
thus reducing Voc.

[29]

The FF displayed a wavy dependence with Dit, with maxi-
mum values for Dit in the range 1013 –1015cm−2, although the
variation is subtle (ca. 4%). According to the literature, increas-
ing the defects at the interfaces typically results in an increase
in the contact resistance between the perovskite layer and the
charge-collecting layers, leading generally to lower FF.[33] Thus,
the wavy dependence of the FF with Dit may be attributed to an
increase in the series resistance of the device or the creation of
recombination centers for charge carriers (both can lower the
FF). Our simulations are in line with other studies reported
in the literature using spiro-OMeTAD as HTL and other inor-
ganic and organic interlayers. As a few examples, Wang et al.,
reported a ca. 3% increase in the FF using chromium trioxide
as HTL interlayer.[35] Zhang et al., reported similar fill factors
(83%) but lower open circuit voltage (ca. 1.18 V) when using po-
lar organic molecules as HTL interlayer.[29] The improved Voc
in our study is likely due to the reduced contact resistance at
the C-layer/Ni interface and/or a decrease in the recombination
rate.

Adv. Theory Simul. 2024, 2400771 2400771 (3 of 11) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 2. Influence of total defect density (Dit) on the performance parameters Voc, Jsc, FF and PCE of a PSC: a,b) Dit at ETL/perovskite interface; c,d)
Dit at perovskite/HTL interface; e,f) Dit at HTL/C-interlayer interface (fixing the Dit at ETL/perovskite and the perovskite/HTL at 10−10cm−2 and the
thickness of the carbon interlayer at 70 nm).

For the perovskite/HTL, interface (Figure 2c,d), similar trends
have been observed with the total density of defects. For the
C-interlayer/HTL interface (Figure 2e,f), the density of defects
did not seem to affect any of the performance parameters
of the solar cell. This points out a good contact between the

carbon interlayer and the HTL or the BCM, ensuring efficient
charge transfer across the interface. Based on the obtained
results, the total defect density at both the ETL/perovskite and
perovskite/HTL interfaces was fixed to 1010cm−2, while the
C-interlayer/HTL interface was considered as an ohmic contact.

Adv. Theory Simul. 2024, 2400771 2400771 (4 of 11) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 3. Impact of the density of states a,b) and the thickness c,d) of the carbon interlayer on the PSC parameters: Jsc, Voc FF, and PCE. For (a,b), a
carbon interlayer of 70 nm was used.

The simulations in the next sections will keep these parameters
constant.

2.4. Impact of the Properties of the Carbon Nanostructure Used
as Interlayer

To rationalize the role of the characteristics of carbon nanos-
tructures as interlayers to the HTL in PSCs through numerical
simulations with SCAPS-1D, we have screened two parameters;
namely the electronic density of states and the optical charac-
teristics of the carbon materials. The effective density of states
(DOS) of the conduction and valence bands in a given mate-
rial is crucial in determining the balance between radiative and
nonradiative recombination processes. For carbon nanostruc-
tures, the electronic density of states in the conduction and va-
lence bands varies significantly depending on the dominant hy-
bridization of the carbon atoms and the presence of structural
defects or dopants. To account for the variability of the density of
states upon the nature of the carbon materials, we have screened
this parameter in the range 1016–1021cm−3eV−1, which corre-

sponds to values reported for carbonswith different dominant hy-
bridization states. For example, DOS values for the valence band
ranging between 1016 and 1018 cm−3eV−1 have been reported for
amorphous and hydrogenated carbons; 1021cm−3eV−1 for carbon
blacks; 1021–1022 cm−3eV−1 for porous carbons doped with het-
eroatoms, and between 1017 and 1020 cm−3eV−1 for graphenes
and carbon nanotubes.[36–39]

The impact onVoc, Jsc, FF, and PCE is illustrated in Figure 3a,b.
Our simulations show that the DOS of the carbon interlayer does
not seem to have a strong impact on the open circuit potential and
the current density of the device, with almost constant values for
both parameters with the DOS varied from 1016 to 1020 cm−3 eV
(Figure 4a). Only above 1020 cm−3 a slightly lower Voc was ob-
served, although the decrease accounted for ca. 0.7%. This sug-
gests a good alignment of the energy levels at this interface. Sim-
ilarly, minor modifications were obtained for the FF (Figure 3b)
with a 4% fall that may be attributed to a low shunt resistance and
high series resistance in the device. On the other hand, the PCE
decreased by 3.8% as the DOS increased. Considering the evolu-
tion of the four parameters, optimum values of DOS for carbon
interlayers to theHTLwould be in the range 1017–1020 cm−3 eV−1.

Adv. Theory Simul. 2024, 2400771 2400771 (5 of 11) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 4. Effect of the bandgap of the carbon nanostructure used as interlayer on key performance indicators of the solar cell device: a,c) Jsc and Voc
b,d) FF and PCE for different configurations: (a,b) AL/HTL-carbon interlayer/BCM; (c,d) AL/carbon interlayer-HTL/BCM.

For further investigations in the next sections, the effective den-
sity of states of the conduction band (CB) and the valence band
(VB) will be set to 1018 cm−3.
Figure 3c,d show the impact of the thickness of the carbon in-

terlayer incorporated into the HTL on the performance of the de-
vice. In this context, it is important to highlight that the overall
thickness of the HTL can enhance the collection efficiency of the
charge carriers and the efficiency of the light absorption, but it
may also give rise to large contributions of series resistances.[40]

For this reason, the thickness of the carbon interlayer was varied
between 30 and 220 nm, while keeping constant the thickness of
the Spiro-OMeTAD layer to 100 nm. Our simulations show that
for the explored range, the thickness of the carbon layer does not
seem to have any impact on the performance indicators of the
device. This is in line with studies reporting rather constant per-
formance parameters of the solar cells when the thickness ofHTL
(Spiro-OMeTAD) is varied between 100 and 600 nm.[40] Hence,
an overall thickness of 150 nm for the hybrid HTL/C-interlayer
was fixed, accounting for 50 nm of the carbon interlayer and
100 nm of the HTL.
Figure 4 shows the variation of the performance indicators

of the solar cell with the band gap of the carbon interlayer.

This parameter has been used to evaluate the most adequate
carbon nanostructure as an interlayer to the HTL. In our
numerical simulations, we have varied the bandgap of the
carbon nanostructure from 2.3 to 3.8 eV for two configurations:
interface HTL/C-interlayer/BCM (Figure 4a,b) and interface
C-interlayer/HTL/BCM (Figure 4c,d). This bandgap range was
chosen according to the experimental values reported in the
literature for a diversity of carbon nanostructures (such as
amorphous carbons, porous carbons, carbon blacks, carbon
nanotubes, and graphene derivatives) with varied structure and
composition.[41,42–44] With the exception of the highest bandgap
value, the bandgap of the carbon interlayer does not seem to
affect the short-circuit current density of the cell (that remained
constant at 24.83mA cm−2) regardless of the configuration of the
interface. In contrast, the current density drastically decreased
to almost zero for the highest band gap value. This behavior
suggests an energy level misalignment, where extraction of the
holes becomes very unfavorable. For band gap values above
3.8 eV, the simulations in SCAPS did not converge, which we
have interpreted as poor efficiency of the solar cells.
For the open circuit potential, the configuration of the in-

terface is important. For the HTL/C-interlayer/BMC interface

Adv. Theory Simul. 2024, 2400771 2400771 (6 of 11) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 5. Simulated I–V curves of FTO/TiO2/MAPbI3/HTL/Ni with and
without C-interlayer.

(Figure 4a), the Voc reached a plateau of maximum values for
bandgaps between 2.8 and 3.5 eV, showing a decreasing trend
above and below those limits (i.e., holes cannot migrate eas-
ily to the BCM). In those optimal conditions, the Voc for the
HTL/C-interlayer/BCM configuration is 5.18% higher than that
of HTL/BCMwithout carbon interlayer. The improvement in the
Voc confirms the better hole extraction of the HTL/C-interlayer
interface, suggesting that the role of the carbon interlayer is to
reduce the accumulation of holes in spiro-OMeTAD, by donat-
ing electronic density. For the interface C-interlayer/HTL/BCM
(Figure 4c), the Voc remained rather unchanged, with a value
similar to that of the above-mentioned configuration HTL/C-
interlayer/BCM. The location of the carbon interlayer is also im-
portant for the FF and PCE parameters. When the carbon inter-
layer is located between the HTL and the BCM, the FF and PCE
are significantly modified (Figure 4b,d).
The FF increased (from 55.29 to 82.39%) as the bandgap rose

up to 3.3 eV (accounting for a 1.5 fold increase), and the PCE
increased from 13.27% up to 27.68%. Above 3.3 eV, the perfor-
mance indicators of the device were very poor, both in terms of
FF and PCE. The increase in the FF indicates a relatively lower
contact resistance (Rc) in the device upon the incorporation of
the carbon interlayer, and/or a significantly improved hole extrac-
tion. This is in agreement with the observed trends of Voc and
current density. It is interesting to note that bandgap values be-
tween 2.1 and 3.4 eV have been reported for amorphous carbon

nanostructures with a high density of structural defects (such as
porous carbons, and carbon blacks) and carbon nanotubes.[41–44]

The best performance in carbon materials with optical bandgaps
between 2.7 and 3.5 eV indicates the importance of the nature of
the carbon nanostructure since the optical energy gap depends
on the hybridization state of the carbon atoms (sp2/sp3 ratio).[41]

According to the literature, high optical bandgaps correspond to
carbon nanostructures with low sp2/sp3 ratios, pointing out the
importance of structureswith partially bounded graphitic regions
combining 𝜋 states in sp2 clusters and defective sp3 sites.[41,45–48]

Wide optical bandgaps in the HTL favor the creation of an energy
barrier for the electrons, acting as passivation of the perovskite,
thus preventing back electron transfer. Similar observations have
been reported for other carbon nanostructures.[49,21–23]

Figure 5 shows a comparison of the I–V curves of an
FTO/TiO2/MAPbI3/HTL/Ni cell incorporating the carbon
nanostructure as an interlayer to Spiro-OMeTAD as HTL or as
HTL alone. The optimized parameters and output characteris-
tics of the device for the different layers used in the numerical
simulations are compiled in Table 2. As seen, when the spiro-
OMeTAD material alone is used as HTL, the device displayed a
Voc (ca. 1.28 V) ≈1.5 times lower than that computed when the
hybrid carbon interlayer-spiro-OMeTAD was used as HTL (ca.
1.35 V). It is also worth mentioning the higher PCE of the cell
built with the carbon interlayer, compared to Spiro-OMeTAD
alone as HTL.
While the current density of these configurations was simi-

lar, the FF increased, and the I–V curves of the device built us-
ing carbon nanostructures of varied characteristics as HTL alone
(i.e., FTO/TiO2/MAPbI3/Carbon/Ni) are shown in the Support-
ing Information (Figures S1 and S2, and Table S1, Supporting
Information). The simulations demonstrated a gradual increase
in the Voc, FF, and PCEwith the bandgap of the carbon interlayer,
reaching amaximumperformance for values ranging from 2.8 to
3.2 eV.
The improved Voc upon the incorporation of the carbon in-

terlayer indicates a more efficient hole extraction. This can be
explained as a reduction in the accumulation of the charge,[29]

a better level alignment between the HTL/C-interlayer and the
back contact metal, and/or a decreased resistance contact. The
more efficient extraction of the holes is mostly likely attributed
to the high electronic density of carbon materials due to the rich
carbon atoms in the sp2 configuration.[49,23]

Table 2. Performance parameters of an FTO/ETL/AL/HTL/BCM solar cell vary the nature of the metal used as back contact metal.

C-interlayer Absorber layer

Absorber layer thickness [nm] − − − − − 700

Bandgap, Eg [eV] 3 1.5

Carbon layer thickness(nm) 50 − − − − −

CB effective density of states, Nc[ cm
−3] 2.2 × 1018 2.2 × 1018

VB effective density of states, Nv [cm
−3] 2.2 × 1018 1.8 × 1021

Total defect density at ETL/perovskite, and perovskite/HTL interfaces, Nt[cm
−3] 1010∕1010 1010∕1010

PSC key operating parameters Voc(V) Jsc(mA/cm2) FF (%) PCE (%)

FTO/TiO2/MAPbI3/spiro-OMeTAD/Ni 1.28 24.83 78.94 25.31

FTO/TiO2/MAPbI3/spiro-OMeTAD-Carbon interlayer/Ni 1.35 24.83 82.26 27.64

FTO/TiO2/MAPbI3/ Carbon interlayer-spiro-OMeTAD /Ni 1.34 24.83 82.42 27.63

Adv. Theory Simul. 2024, 2400771 2400771 (7 of 11) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Figure 6. Schematic structure of the devices and energy band diagram of the studied perovskite devices: a) FTO/ETL/AL/HTL-carbon interlayer/Ni; b)
FTO/ETL/AL/carbon interlayer-HTL/Ni.

Table 3. Parameters for back and front contacts used in SCAP-1D.

Parameter Back Contact Front contact

Surface recombination velocity of electrons [cm −1s] 1.00E + 5 1.00E + 7

Surface recombination velocity of holes [cm −1s] 1.00E + 7 1.00E + 5

Metal work function [eV] 5.15 4.4

Majority carrier barrier height relative to Ef [eV] 0.15 0.4

Minority carrier barrier height relative to Ev [eV] 0.093 0.45

Regarding the position, we attribute the better hole extraction
when the carbon interlayer is located between the spiro-OMeTAD
and the BCM to the fact that spiro-OMeTAD alone shows a bet-
ter extraction capacity and better band alignment than the car-
bon material itself, as inferred by the results obtained when both
(spiro-OMeTAD or the carbon material) were used as HTL alone.
Thus, the role of the carbon interlayer is to reduce the accumula-
tion of holes in spiro-OMeTAD, by donating the necessary elec-
tronic density (an intrinsic characteristic of most carbon mate-
rials is their rich electronic density). The electrical conductivity
also plays an important role in the hole extraction efficiency of
the HTL from the perovskite layer, and the C-interlayer has a
higher conductivity than spiro-OMeTAD. Moreover, the carbon
interlayer also provides a lower resistance at the HTL/back con-
tact interface, which benefits the overall cell indicators by decreas-
ing the overall series resistance of the cell.

3. Conclusion

This work has evaluated the use of carbon nanostructures
of varied nature as interlayers of the hole transport layer in
perovskite solar cells with a regular n-i-p stacked structure
(FTO/TiO2/MAPbI3/Spiro-OMeTAD/Ni), using numerical sim-
ulations. The carbon interlayer was introduced in the HTL
using two configurations: between the active layer and the
spiro-OMeTAD HTL and between the latter and the back metal
contact. Our simulations show that the defect density at the
ETL/perovskite and the perovskite/HTL interfaces is important
to reach high Voc and FF, demonstrating the importance of
the choice of the material to be used as interlayer to those
interfaces. The thickness of the carbon interlayer does not affect
the performance of the solar cell, but it is important to consider
the bandgap of the carbon nanostructure to reach an adequate
band alignment with the HTL. Our simulations demonstrate
that carbon nanostructures with optical bandgap in the range of
2.7–3.5 eV significantly enhanced the open-circuit voltage and
fill factor of the devices. As a result, an overall enhancement of
the power conversion efficiency by more than 2.3% is achieved.
These values of bandgap correspond to amorphous carbons,
nanoporous carbons, and carbon nanotubes. Other carbon
nanostructures resulted in lower hole extraction efficiencies.
The configuration of the interface is also important, with a favor-
able valence band offset at the HTL/C-interlayer/BCM interface,
which results in an increase of 5.18% in the open circuit voltage

Adv. Theory Simul. 2024, 2400771 2400771 (8 of 11) © 2024 The Author(s). Advanced Theory and Simulations published by Wiley-VCH GmbH
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Table 4. Selected properties of thematerials used in the different layers of the perovskite solar cell were investigated, and used as input in the simulations.

Parameter [unit] FTO ETL (TiO2) AL [MAPbI3] HTL [Spiro-OMeTAD] Carbon Interlayer

Thickness (nm) 500 100 300 − 700 100 50–220nm

Bandgap, Eg(eV) 3.5 3.2 1.5 3.2 2.1 − 3.7

Electron affinity E, 𝜒 (eV) 4.4 4 3.9 2 2.3

Dielectric permittivity (𝜀r ) 9 9 6.5 3 10

CB effective density of states Nc [cm
−3] 2.0 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1018 2.2 × 1016 − 2.2 × 1021

VB effective density of states Nv [cm
−3] 1.0 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1019 1.8 × 1016 − 2.2 × 1021

Electron thermal velocity [cm.s−1] 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 5.2 × 107

Hole thermal velocity [cm.s−1] 1.0 × 107 1.0 × 107 1.0 × 107 1.0 × 107 5.0 × 107

Electron mobility, 𝜇n[.V
−1.s−1] 20 20 20 1.0 × 10−4 26

Hole mobility, 𝜇p[cm
2.V−1.s−1] 10 10 2 1.0 × 10−4 123

Shallow donor density, ND[cm
−3] 2.0 × 1019 1.0 × 1018 1.0 × 1013 ———– ———-

Shallow acceptor density, NA[cm
−3] ——– ———– ————— 2.0 × 1019 2.0 × 1018

Total defect density, Nt[cm
−3] 1.0 × 1015 1.0 × 1015 2.5 × 1013 2.5 × 1015 2.5 × 1015

Table 5. Defect parameters of the ETL/perovskite and perovskite/HTL interfaces investigated.

Defect type Capture cross: section
electrons/holes [cm2]

Energetic
distribution

Reference for defect
energy level, Et

Energy with respect
to a reference (eV)

Total density
energies (cm−2)

Total defect density
(cm−2)

ETL/ AL Neutral 1.0 × 10−19 Single Above the highest Ev 0.600 1.0 × 1010 1010(variable)

HTL/ AL Neutral 1.0 × 10−19 Single Above the highest Ev 0.600 1.0 × 1010 1010(variable)

of the device. Our ongoing studies are directed to validate experi-
mentally the outcome of these numerical simulations by incorpo-
rating the carbon interlayer in the optimized position pointed out
in this work, while varying the nature of the carbon nanostruc-
tures. Further studies should also be directed to consider other
aspects such as minimizing trap-assisted recombination reduc-
ing series and increasing shunt resistances of the perovskite
devices, if the theoretical limit of these materials is to be reached.

4. Experimental Section
Numerical Modeling Using SCAPS-1D: In this study, version 3.3.09

of Solar Cell Capacitance Simulator-1Dimension (SCAPS-1D) was used.
SCAPS is a 1D software tool capable of designing solar cells up to seven
layers, developed by Ghent University in Belgium.[50,51] It is based on the
resolution of Poisson’s and continuity equations to obtain current–voltage
characteristics. By applying appropriate boundary conditions at interfaces
and contacts, the program solves the coupled Poisson’s differential Equa-
tion 1 which links charges to electrostatic potential. Additionally, it ad-
dresses continuity differential equations for free electrons and holes in
the conduction and valence bands given by Equations 2 and 3.

d
dx

(
𝜀𝜀0

d𝜓 (x)
dx

)
= −q

(
p (x) − n (x) +N+

D −N−
A + 𝜌p − 𝜌n

)
(1)

(
1
q

)
𝜕Jn
𝜕x

− Un + G = 𝜕n
𝜕t

(2)

−
(
1
q

)
𝜕Jp
𝜕x

− Up + G =
𝜕p
𝜕t

(3)

where, 𝜓 is the electric potential, 𝜀 and 𝜀0 the relative and vacuum permit-
tivities, n and p, the densities of free charge carriers, N+

D, N
−
A represent

the densities of ionized donors and acceptors, 𝜌p, 𝜌n are hole and elec-
tron trap concentrations respectively, q is the elementary charge, Un∕Up,
and G are respectively recombination and generation rates. The density
of diffusion and drift currents produced by electrons and holes can be ex-
pressed by Equation 4.

Jn,p = nq𝜇nEFn + qDn
𝜕n
𝜕x

+ pq𝜇pEFp + qDp
𝜕p
𝜕x

(4)

where, Jn,p is the photocurrent of electron and hole carriers across a sec-
tion, 𝜇n and 𝜇p are respectively electrons and holesmobilities, and EFn, EFp
are the energies of the Fermi levels.

The numerical modeling with SCAPS-1D includes all the different steps
involved in a solar cell operation (namely photon absorption, exciton gen-
eration, and separation, charge transfer, and recombination) by adequate
equations. The photon-induced charge carrier generation rate is expressed
by Equation 5.[52]

G (𝜆, x) = ∫ 𝛼 (𝜆) × 𝜙 (𝜆) × e−(𝛼(𝜆)x)d𝜆 (5)

where 𝜆 is the wavelength, 𝛼 the absorption coefficient of the absorber
layer, and x its thickness. In our simulations, 𝛼 for the perovskite absorber
was set as a constant (105cm−1).[53]

The trap-assisted Shockley–Read–Hall (SRH) recombination and
charge recombination rate (due to non-ideal properties (defects) in per-
ovskites) were evaluated by Equations 6 and 7.[54,52]

RSRH =
np − n2i

𝜏n (p + pt) + 𝜏p (n + nt)
(6)

R = r ×
(
n × p − n2i

)
(7)

where, nt, pt are equilibrium electron and hole concentra-
tion, respectively given by: nt = Nc exp[−(EC − Ed)∕(kT)] and
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pt = NV exp[−(EV − Ed)∕(kT)], R is the recombination rate, r is a
recombination constant and ni the intrinsic density.

Following iterative solving of those equations, the main photovoltaic
parameters of the solar cell, such as open-circuit voltage (VOC), fill fac-
tor (FF), current density (JSC), and power conversion efficiency (PCE) are
calculated by the following Equations.

Voc =
nkT
q

ln
(
Jsc
J0

+ 1
)

(8)

with Jsc, the light-generated current and J0 the saturation current density
is given by Equation 6.

J0 = qNvNc

⎛⎜⎜⎝ 1
NA

(
Dn

𝜏n

) 1
2
+ 1

ND

(
Dp

𝜏p

) 1
2 ⎞⎟⎟⎠ e

−
Eg
kBT (9)

where,Nc, Nv are the effective density of states of electrons and holes, re-
spectively;Dn andDp the diffusion coefficients, kB is Boltzmann constant,
and T the temperature. The fill factor (FF) is the ratio between the maxi-
mum values Vmax × Jmax and the theoretical power VOC × JSC as shown
in Equation 7:

FF =
Vmax × Jmax

Voc × Jsc
(10)

Finally, the PCE of the solar device is calculated as follows:

𝜂 =
VOC × JSC × FF

Pinc
(11)

Numerical Modeling Parameters: A perovskite solar cell with a reg-
ular n-i-p stacked configuration is selected (FTO/ ETL/AL/HTL/BCM),
where the active layer is MAPbI3 (i.e., methylammonium lead iodide,
one of the first perovskite materials used in perovskite solar cells, still
widely explored), the ETL is TiO2, the HTL is spiro-OMeTAD or spiro-
OMeTAD modified with the carbon interlayer. The BCM has been opti-
mized. Figure 6a,b show the stacking device structure and the energy
band alignment of the different materials of the solar cell device, respec-
tively. All the simulations were performed under standard test conditions
(STC):, i.e., for an air mass coefficient of 1.5(AM1.5), an incident power
of 100 mW cm−2, and at 300 K. The FTO/ETL and HTL/BCM interfaces
were considered as ohmic contacts. The effect of series and shunt resis-
tances was also introduced in the device simulation, setting the values at,
respectively, 0.5 and 104 Ω cm−2. The parameters tested for back and front
contact are listed in Table 3.

The parameters used to simulate the materials of the different layers
composing the PSCs are compiled in Table 4. Several groups have reported
similar values in the literature.[25,55–57,24,30] Table 5 shows properties of the
ETL/MAPbI3 and MAPbI3/HTL interfaces.
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