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Abstract: The perovskite solar cell (PSC) as an emerging and promising type has been extensively
studied. In this study, a model for a PSC prepared in ambient air was established by using SCAPS-1D.
After that, it was further analyzed through varying the defect density of the perovskite absorber
layer (Nt), the thin film thickness and energy-level matching between the electron transport layer
(ETL), the perovskite absorber layer and the hole transport layer (HTL), for a better understanding
of the carrier features. The Nt varied from 1.000 × 1011 to 1.000 × 1017 cm−3. The performance
of the solar cell is promoted with improved Nt. When Nt is at 1.000 × 1015 cm−3, the carrier
diffusion length reaches µm, and the carrier lifetime comes to 200 nm. The thickness of the absorber
layer was changed from 200 to 600 nm. It is shown that the absorber layer could be prepared
thinner for reducing carrier recombination when at high Nt. The thickness effect of ETL and HTL is
weakened, since Nt dominates the solar cell performance. The effect of the affinity of ETL (3.4–4.3 eV)
and HTL (2.0–2.7 eV), together with three energy-level matching situations “ETL(4.2)+HTL(2.5)”,
“ETL(4.0)+HTL(2.2)” and “ETL(4.0)+HTL(2.5)” on the performance of the solar cell were analyzed. It
was found that the HTL with valence band 0.05 eV lower than that of the perovskite absorber layer
could have a blocking effect that reduced carrier recombination. The effect of energy-level matching
becomes more important with improved Nt. Energy-level matching between the ETL and perovskite
absorber layer turns out counterbalance characteristic on Jsc and Voc, and the “ETL(4.0)+HTL(2.5)”
case can result in solar cell with Jsc of 27.58 mA/cm2, Voc of 1.0713 V, FF of 66.02% and efficiency
of 19.51%. The findings would be very useful for fabricating high-efficiency and low-cost PSC by a
large-scale ambient air route.

Keywords: perovskite solar cells; ambient air; SCAPS-1D; carrier features

1. Introduction

Perovskite, due to its outstanding optoelectronic and material properties (for example,
high optical absorption coefficient, large carrier lifetime, balanced electron–hole diffusion
length and efficient ambipolar charge transport [1–3]) together with a defect-tolerant nature
and easy fabrication from solution [4–9], has provided enormous potential to trigger a
revolution in solar-to-electricity conversion for the coming generation. Perovskite generally
has the formula of ABX3, where A is CH3NH3

+, CH(NH2)2+ or Cs+, B is Pb2+ or Sn2+ and X
is I−, Br− or Cl− [10]. Additionally, it has obtained tremendous attention since perovskite
was introduced into a dye-sensitized solar cell as a solid-state light absorber layer in 2009 [1].
The power conversion efficiency of the perovskite solar cell (PSC) has been boosted rapidly
and it has now reached a certified 25.2% [11], which is comparable to or even exceeds other
well-studied solar cells such as CuInxGa1−x(S,Se)2, CdTe or polycrystalline silicon solar
cells [12–15].
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PSCs generally consist of a 200–600 nm photoactive absorber layer, sandwiched be-
tween two charged transport layers (TL), the electron transport layer (ETL) and the hole
transport layer (HTL) that have the function of selectively transporting the photo-generated
electrons and holes to the cathode and anode, respectively. The solar cell that effectively
converts solar radiation into electrical power needs to absorb the incident photons by
the absorber layer and create charge carriers inside the absorber layer, and then separate
the carriers at the absorber layer/TL interfaces and transport them through the TL to the
external circuit. In an ideal solar cell, all incident photons are absorbed by the absorber
layer, generating electrons and holes with unit efficiency. In the open-circuit condition, the
only recombination channel is the radiative recombination of free electrons and holes. In
principle, this would allow open-circuit voltages (Voc) close to the radiative limit. However,
the commonly reported values for Voc are much lower due to unwanted nonradiative
recombination [16]. This is the main reason that the experimental efficiency is still far from
the Shockley–Queisser theoretical efficiency of up to 30% [17], despite the tremendous effort
that has been devoted by the scientific community on the improvement of PSC technology.
In past years, many studies have been conducted for identifying the possible nonradiative
recombination channel [18–21]. More recently, measurements of the photoluminescence
quantum yield on individual perovskite/TL junctions have been used to interpret the
lossy Voc through quasi-Fermi level splitting (QFLS) losses in perovskite bulk [22–25].
The selectivity of a TL is defined as its ability to maintain the QFLS of the absorber layer
while providing efficient majority carrier extraction. Despite these advances, however,
the relation between the internal QFLS and the external Voc remains poorly understood
today. The significance and impact of energy-level alignment remains as important now,
and it even has become a heavily debated topic in the PSC field. For example, several
studies have shown that the energy-level alignment between the perovskite and the TL is
beneficial, while other studies do not agree with this view [26–30]. Therefore, to exploit
the full potential of the magical perovskite material for solar cells, a more comprehensive
understanding of the underlying physical processes and loss characteristics is still essential.
In particular, the dynamic influence characteristics of the energy-level alignment with
varied Nt has not been reported yet.

On the other hand, almost all of state-of-the-art PSCs nowadays are fabricated inside a
glove-box with controlled atmospheric conditions. For example, most highly efficient PSCs
are prepared inside a nitrogen- or argon-filled glove-box (H2O < 0.1 ppm and O2 < 0.1 ppm).
This significantly limits the scaling-up of fabrication processes and also causes an extra
budget for atmosphere control during the fabrication [31,32]. In recent years, PSCs are hun-
gry for air atmosphere preparation technology in order to realize commercial production
as soon as possible. Therefore, several studies have been conducted on the preparation
of perovskite absorber layer under open ambient air. Several fabrication methods such as
anti-solvent [33], dual-step thermal engineering technique [34] and crystal engineering [35]
have been reported. The property of the PSC prepared under ambient air is acceptable
as compared to that prepared in inert conditions [34–37], which offers a very promising
way to large-scale industrial production of PSC. In such ambient air, the prepared PSC
may produce different or important underlying physical processes and loss characteristics,
which would call for more studies.

For these purposes, in this work, the characteristics of ambient air prepared PSC were
studied by employing the SCAPS-1D software (ver.3.3.07, developed by Prof. Burgelman
and his team at the University of Ghent, Belgium). First, a model was built with experimen-
tal parameters from the virtual ambient air fabricated PSC and other well-known published
parameters [38–41]. The simulation results coming from the SCAPS-1D fitted well with
the experimental results, indicating the built model is feasible. Then, the defect density
of the perovskite absorber layer (Nt) and the thin film thickness were analyzed by using
the SCAPS-1D. Finally, the dynamic influence characteristics of the energy-level alignment
with varied Nt on the carrier generation, recombination and transport were investigated in
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detail by the SCAPS-1D, for understanding of the underlying physical processes and loss
characteristics in the ambient air processed PSC.

2. Methodology
2.1. Solar Cell Structure for the Study

Fluorine-doped tin oxide (FTO) was adopted as front contact and thin layer of gold
(Au) was used as back metal contact. The solar cell configuration for this study was FTO
glass/compact TiO2/porous TiO2/perovskite absorber layer/spiro-OMeTAD/Au. In this
n-i-p device structure, the perovskite layer acted as light harvesting material, inserted
between n-type ETL (TiO2) and p-type HTL (spiro-OMeTAD). The solar cell structure is
presented in Figure 1.
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Figure 1. Device configuration of the perovskite solar cell.

2.2. Simulation Methodology

The SCAPS-1D simulation software was selected for this study, which was developed
by the University of Ghent, Belgium. The simulation calculation carried out inside SCAPS-1D
is mainly derived from three fundamental equations: Poisson equation, electron continuity
equation and hole continuity equation. In SCAPS-1D, a heterostructure solar cell can be
designed with up to seven different layers and simulation can be performed in various variables
about the electron and optics properties of the solar cell functional thin films.

The model was built by the SCAPS-1D with experimental parameters from the virtual
ambient air fabricated PSC in structure of FTO glass/c-TiO2/m-TiO2/CH3NH3PbI3/spiro-
OMeTAD/Au and other well-known published parameters [38–41]. The detail of the
ambient air prepared PSC can be found in our published reference [38], and the Jsc, Voc, FF
and efficiency of the ambient air prepared solar cell were 25.71 mA/cm2, 0.8000 V, 42.45%
and 8.73%. The band gap of the ambient air prepared perovskite absorber layer together
with the thickness of the thin films for modelling were taken from experimental results. The
experimental parameters were adjusted slightly within the measurement error before they
were used, to make the experimental and simulated solar cell performance parameters fit
well with each other. Initial defect density of the perovskite absorber layer (Nt) was set at
1.000 × 1015 cm−3. The basic parameters used to perform the simulation were collected and
listed in Table 1 [38–41]. Table 2 lists the contact parameters used in the simulation. Table 3
presents the defect density inside the absorber layer and at the interface of the device.
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Table 1. Physical parameters of different layers used for the simulation.

Parameters Perovskite FTO TiO2 Spiro-OMeTAD

Thickness (nm) 510 250 600 80
Band gap (eV) 1.45 3.500 3.20 2.90
Electron affinity (eV) 3.90 4.400 4.00 2.20
Dielectric permittivity 22.00 9.000 100.00 3.00
CB effective density of states (cm−3) 3.100 × 1018 2.200 × 1018 1.000 × 1020 2.500 × 1020

VB effective density (cm−3) 3.100 × 1018 1.800 × 1019 2.000 × 1020 2.500 × 1020

Electron thermal velocity (cm/S) 1.000 × 107 1.000 × 107 1.000 × 107 1.000 × 107

Hole thermal velocity (cm/s) 1.000 × 107 1.000 × 107 1.000 × 107 1.000 × 107

Electron mobility (cm2/Vs) 10 2.000 × 103 75 1.000 × 10−4

Hole mobility (cm2/Vs) 10 1.000 × 102 50 1.000 × 10−4

Shallow uniform donor density (ND, cm−3) 1.000 × 1015 2.000 × 1019 1.000 × 1019 0
Shallow uniform acceptor density (NA, cm−3) 1.000 × 1015 0 0 1.000×1019

Table 2. Contact parameters used in the simulation.

Contacts Back Metal Contact Properties Front Metal Contact Properties

Metal work function (eV) 5.10 4.06
Surface recombination velocity of electron (cm/s) 1.000 × 107 1.000 × 107

Surface recombination velocity of hole (cm/s) 1.000 × 107 1.000 × 107

Table 3. Defect density inside the absorber layer and at interface of the device.

Parameter Absorber ETL/Absorber Absorber/HTL

Defect density Neutral Neutral Neutral
Capture cross section for electron (cm−2) 1.000 × 10–15 1.000 × 10−10 2.000 × 10−15

Capture cross section for hole (cm−2) 1.000 × 10–15 2.000 × 10−15 1.000 × 10−10

Energetic distribution Single Single Single
Energy level with respect to Ev 0.60 0.60 0.60
Characteristic energy (eV) NA NA NA

After the model mentioned above was built, the Nt was changed and its effect on the
performance of the ambient air prepared PSC was further studied. Then, the thickness of
several important functional thin films were further analyzed by the SCAPS-1D. Finally,
the effect of energy-level alignment with varied Nt on the characteristics of ambient air
prepared PSC was thoroughly investigated.

3. Results and Discussion
3.1. Fitting and Establishment of the Model

First, we carried out the fitting and establishment of the model for the PSC prepared in
ambient air, as mentioned in Section 2. The band gap of the ambient air prepared perovskite
absorber layer together with the thickness of the thin films for modelling were taken from
the experimental results. The experimental parameters were adjusted slightly within the
measurement error before they were used, to make the experimental and simulated solar
cell performance parameters fit well with each other. The initial defect density of the
perovskite absorber layer (Nt) was set at 1.000 × 1015 cm−3. The basic parameters used to
perform the simulation are listed in Table 1. The results are in Figure 2a and Table 4. The
QE result by the SCAPS is also displayed in Figure 2b.
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Table 4. Comparison of performance parameters of the experiment and simulation results.

Parameter Experiment Simulation

Jsc (mA/cm2) 25.71 25.81
Voc (V) 0.8000 0.8001
FF (%) 42.45 42.37
Efficiency (%) 8.73 8.75

As can be seen in Table 4 and Figure 2a, the Jsc, Voc, FF and efficiency of the prepared
solar cell were 25.71 mA/cm2, 0.8000 V, 42.45% and 8.73%, respectively. The fitted Jsc, Voc,
FF and efficiency from the model by the SCAPS-1D were 25.81 mA/cm2, 0.8001 V, 42.37%
and 8.75%, respectively. The experimental and simulated performance parameters of the
PSC fitted well with each other, which indicates the model is feasible. Figure 2b shows the
QE result by the SCAPS, which indicates that the photon utilization efficiency of the PSC in
the shortwave region of 300–400 nm was relatively low.

3.2. Effect of Defect Density (Nt) on the Performance of the Perovskite Solar Cell

As can be seen in Table 4, the Jsc of the ambient air prepared solar cell is considered to
be high [42–46], however, the efficiency of the solar cell prepared in the ambient air is still
limited by the low Voc and thus the low FF, which indicates the carrier recombination in the
absorber layer and (ionic) defect recombination at the absorber layer/TL interfaces could
be still serious [47]. The carrier recombination in the absorber layer could be the major
recombination pathway in the prepared PSC, which can be confirmed from the simulation
result that the defect density (Nt) of the perovskite absorber layer prepared in ambient air
was very high to 9.000 × 1016 cm−3. Although the three-dimensional solar cell structure as
mentioned in reference [38] can keep the Jsc high, the high Nt of the perovskite absorber
layer directly pulls down the Voc of the solar cell and thus the FF and efficiency. In the
Shockley–Read–Hall recombination that governs the absorber layer, the carriers in valence
(holes) and conduction (electrons) bands recombine via trap states [48,49]. Therefore, by
decreasing the defect density, less recombination in the absorber layer that corresponds to
longer carrier diffusion length and larger carrier lifetime (tn and tp) could be realized [48,49].
This would be further studied in the following.

The performance of the solar cell with a varied Nt (1.000 × 1011~1.000 × 1017 cm−3)
of the perovskite absorber layer was carried out by using the SCAPS-1D simulator, and the
results are shown in Figure 3. It can be seen from the Figure, the performance parameter Jsc
slightly increased from 25.81 to 27.58 mA/cm2 as the Nt was improved from 9.000 × 1016

to 1.000 × 1011 cm−3. However, it reached near saturation when the Nt was improved to
1.000 × 1015 cm−3. Thus, in the prepared PSC, the Jsc was less dependent on the Nt of the
perovskite absorber layer. Meanwhile, the value of the crucial parameter Voc was promoted
significantly from 0.8001 to 0.9037 V as the Nt of the absorber layer was reduced from
9.000 × 1016 to 1.000 × 1011 cm−3, nearly a 13% improvement. The FF changed from 42.37
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to 63.68%, which may have been due to the improved quality of the perovskite absorber
layer with Nt from 1017 to 1011 cm−3. During this change process, there exists a near
saturation phenomenon for the FF when Nt is improved to 1013 cm−3, which indicates that
the Nt is good enough for solar cell application and is no longer the main influencing factor
for solar cell performance. The efficiency of the solar cell was improved correspondingly
from 8.75 to 15.87%. It is worth mentioning, the efficiencies of the solar cells reached 15.61%
and 15.85% when the Nt of the absorber were at 1.000 × 1015 cm−3 and 1.000 × 1014 cm−3,
which is easy to implement by experiment. The variation in carrier diffusion length of
the absorber layer with the variation of Nt is also present in Table 5. As can be seen from
the Table, the diffusion length of the carriers reached µm, and the carrier lifetime came to
200 nm when the Nt of the perovskite absorber layer was at 1.000 × 1015 cm−3. Therefore,
for the ambient air prepared PSC, the Nt of the perovskite absorber layer could be a focus
for work to further improve its performance.
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Table 5. Variation in carrier diffusion length of the absorber layer according to variation in defect
density (Nt).

Nt (cm−3) 1.000 × 1017 9.000 × 1016 5.000 × 1016 1.000 × 1016 1.000 × 1015 1.000 × 1014 1.000 × 1013 1.000 × 1012 1.000 × 1011

Diffusion
Length, L
(µm)

1.600 × 10−1 1.700 × 10−1 2.300 × 10−1 5.100 × 10−1 1.600 5.100 1.600 × 101 5.100 × 101 1.600 × 102

Lifetime,
τn,p (ns) 1.000 1.100 2.000 1.000 × 101 1.000 × 102 1.000 × 103 1.000 × 104 1.000 × 105 1.000 × 106

3.3. Thickness Effect of the Absorber Layer, ETL and HTL Layer on the Performance of the
Perovskite Solar Cell

The thickness effects of the absorber layer, ETL and HTL layer on the performance
of the PSC were studied by the SCAPS-1D and the results are displayed in Figures 4
and 5, while keeping the Nt of the perovskite absorber layer at experimental value of
9.000 × 1016 cm−3. In the case of a variation in absorber layer thickness, we have taken all
the basic parameters shown in Section 2. The absorber thickness was varied from 200 to
600 nm and the results are shown in Figure 4 for the required parameters, i.e., Jsc, Voc, FF
and efficiency of the solar cell. It is depicted in Figure 4a–d that the Jsc slightly increased
from 25.81 to 26.97 mA/cm2 as the thickness of the absorber was reduced from 600 to
200 nm. However, the Voc was increased from 0.8001 to 0.8812 V as the thickness of the
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absorber layer reduced from 600 to 200 nm, nearly 10% improvement. The FF was thus
changed from 42.37 to 53.37%, the efficiency of the solar cell was improved from 8.75 to
12.69%. The change trend was similar to that mentioned in Section 3.2. Figure 5 presents
the thickness effects of the ETL (200~600 nm) and HTL (5~200 nm) on the efficiency of the
solar cell. As can be seen in the Figure, they had no significant impact on the performance
of the solar cell.
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The thickness effect of absorber, ETL and HTL could be important in the case of PSC
heterostructures, as reported in the literature [50–52]. The results described above could be
due to the high Nt of the perovskite absorber layer prepared in ambient air. Although, a
thicker absorber is expected to absorb more incident light and therefore more carriers could
be generated. The generated electron-hole pairs would be recombined easily in the absorber
layer with high Nt. The decrement in FF is basically due to the internal recombination
inside the perovskite material, originating from the short carrier lifetime of the electron
(tn) and hole (tp) (just around 1.1 ns), as shown in Table 5. When the Nt of the perovskite
absorber layer is high, the thickness effect of ETL and HTL is weakened, since internal
recombination inside the perovskite absorber layer dominates the performance of solar
cells. According to the results, when it is difficult to reduce the Nt of the absorber layer
fabricated in ambient air technology, preparing a thin absorber layer could be a compromise
choice to save material costs and, meanwhile, improve the efficiency of the PSC.
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3.4. Effect of Electron Affinity of ETL and HTL Layer on the Performance of the Perovskite Solar Cell

The electron affinities of ETL and HTL set up the energy-level alignment between
the absorber layer and the TLs, which could be significant for the efficiency of the PSC
because they create interfaces for charge transport [25,53–56]. However, the underlying
physical processes and loss characteristics of the energy-level alignment are still not clear.
In particular, the dynamic influence characteristics of the energy-level alignment with a
varied Nt has not been reported yet.

In the light of this, first, we checked the effect of the varied affinity of ETL (3.4–4.3 eV)
and HTL (2.0–2.7 eV) on the performance of the PSC, while keeping the Nt of the perovskite
absorber layer at the experimental value of 9.000 × 1016 cm−3. The values of Jsc, Voc, FF
and the efficiency of the solar cell were recorded and plotted in Figure 6 for ETL when
the electron affinity of HTL was kept at 2.2 eV, and in Figure 7 for HTL when the electron
affinity of ETL was kept at 4.0 eV. It can be seen from Figure 6 that the Jsc, FF and efficiency
increased when the electron affinity of ETL increased from 4.0 to 4.2 eV, which could be
due to the more effective electron transport from the perovskite absorber layer to the ETL.
However, when the electron affinity of ETL was further increased to 4.3 eV, the performance
of the solar cell came down, which may be due to the energy-level mismatch between
the absorber layer and the ETL for electron transport, while, from Figure 6b, we can see
that the Voc did not present a significant change with the varied affinity of ETL from
3.4 to 4.3 eV. This phenomenon may be due to insufficient carriers under the high Nt of
9.000 × 1016 cm−3 that weakened the effect of energy-level matching between the absorber
layer and the ETL on the Voc. In the condition of high Nt, the Jsc was the major influencing
factor for the performance of PSC. The FF followed the change trend of the Jsc, and thus
the efficiency of the PSC, as shown in Figure 6c,d. In the case of the HTL, it can be seen
from Figure 7 that the Jsc, Voc, FF and efficiency decreased when the electron affinity of
HTL decreased from 2.2 to 2.0 eV, which could be due to the gradually decreased efficiency
in hole transport from the perovskite absorber layer to the HTL (energy gap of the valence
band between these two layers is increased gradually). In contrast, when increasing the
electron affinity of the HTL from 2.2 to 2.5 eV, the performance of the solar cell showed
significant improvement, which may be due tothe better energy level between the absorber
layer and the HTL for the hole transport [57–59]. However, when the electron affinity of
the HTL was further increased to 2.7 eV, the energy level between the absorber layer and
the HTL for the hole transport showed an obvious mismatch, and the performance of the
solar cell came down sharply. In the HTL case, at a condition of high Nt, the Jsc was still the
major influencing factor for the performance of PSC. Yet, it is worth noting that in Figure 7,
the performance reached the top when the electron affinity of the HTL was at 2.5 eV, which
made the valence band of the HTL 0.05 eV lower than that of the perovskite absorber layer
and this usually would hinder the hole transport to a certain degree. This could be an
unusual phenomenon and would be studied further in the following paragraphs.
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In order to further understand the effect of energy-level matching between the ETL,
perovskite absorber layer and HTL on the performance of the PSC, three groups of electron
affinity of ETL and HTL, named “ETL(4.2)+HTL(2.5)” (electron affinities of ETL and HTL
were 4.2 eV and 2.5 eV, respectively), “ETL(4.0)+HTL(2.2)” (electron affinities of ETL and
HTL were 4.0 eV and 2.2 eV, respectively) and “ETL(4.0)+HTL(2.5)” (electron affinities of
ETL and HTL were 4.0 eV and 2.5 eV, respectively), were studied with the varied Nt of the
perovskite absorber layer. The energy-level diagram of the ETL, the perovskite absorber
layer and the HTL, including the three cases is shown in Figure 8, and the corresponding
performance of the solar cell is presented in Figure 9. As can be seen from Figure 9a, for all
three cases, the Jsc increased with the improvement of the Nt of the perovskite absorber
layer because of reduced carrier recombination and therefore more electrons and holes
could be extracted. However, they had different characteristics between the three cases.
When at a high Nt value, there were not so many carriers available, the effect of the energy-
level matching was obvious. In this situation, the normal “ETL(4.0)+HTL(2.2)” was not
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good enough, and the Jsc would be enhanced when the electron affinity of the HTL was
increased to 2.5 eV, resulting in the valence band of the HTL 0.05 eV being lower than that
of the perovskite absorber layer. This could have benefitted from the blocking effect that
reduced the carrier recombination from the Au electrode to the perovskite absorber layer.
The effect could be further enhanced by increasing the electron affinity of the ETL to 4.2 eV,
which made the electron transport from the absorber layer to the ETL easier. As for the
Voc shown in Figure 9b, when at high Nt, it did not make a big difference between the
three cases. However, when the Nt of the absorber layer was improved, the energy-level
matching became important. In the “ETL(4.0)+HTL(2.5)” case, although it was not the best
combination for the Jsc of the solar cell, it presented minimum loss between the three cases
for the Voc since it matched well with the QFLS in the perovskite absorber layer under
light illumination [25]. As for the parameter FF, it generally followed the Jsc, and was also
affected by Voc, as can be observed in Figure 9c. Since the efficiency of the solar cell equals
the product of Jsc, Voc and FF, hence, the efficiency is affected by the evident Voc to a greater
extent, as can be seen from Figure 9. Therefore, the effect of energy-level matching on the
performance of the PSC is affected by the Nt, and the energy-level matching between the
ETL and the perovskite absorber layer produces a counterbalancing characteristic on Jsc
and Voc at improved Nt. When the Nt of the absorber layer is at 1.000 × 1011 cm−3, the
“ETL(4.0)+HTL(2.5)” case can push the solar cell to high performance with a Jsc of 27.58 m
A/cm2, Voc of 1.0713V, FF of 66.02% and efficiency of 19.51%.
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4. Conclusions

In this study, a model for a PSC prepared in ambient air was established by employing
the SCAPS-1D. Then, the model was analyzed with a varying of the Nt of the perovskite
absorber layer, the thickness of the absorber, ETL and HTL, and finally the electron affinity
of ETL and HTL. It was found that (1) the Nt of the perovskite absorber layer is very
important for the performance of the solar cell, especially for the Voc; (2) when at a high
Nt for the perovskite absorber layer prepared in ambient air, the absorber layer could be
prepared thinner (such as 200 nm) to reduce the carrier transport distance, in order to reduce
recombination. This would overcome the defect of the high Nt to a certain degree, although
a thin absorber layer decreases the absorption of the incident light. When the Nt is high,
the thickness effect of the ETL and HTL is weakened, since internal recombination inside
the perovskite absorber layer dominates the performance of the solar cells; (3) the electron
affinities of ETL and HTL could be significant for the performance of the solar cell. It was
found that the HTL with a valence band 0.05 eV lower than that of the perovskite absorber
layer could have a blocking effect that reduced the carrier recombination from the Au
electrode to the perovskite absorber layer. The effect could be further enhanced by reducing
the conduction band energy of the ETL to −4.2 eV, which made the electron transport
from the absorber layer to ETL more easily. As for Voc, at high Nt, it did not make a big
difference between the three studied cases. However, when the Nt of the absorber layer
was improved, the energy-level matching became important. In the “ETL(4.0)+HTL(2.5)”
situation it presented a minimum Voc loss between the three cases since it matched well
with the quasi-Fermi level splitting (QFLS) of the perovskite absorber layer under light
illumination. For the parameter FF, it generally followed the Jsc, and was also affected
by Voc. The efficiency of the solar cell was more affected by the evident Voc. Therefore,
the effect of energy-level matching on the performance of the PSC is affected by the Nt,
and the energy-level matching between the ETL and the perovskite absorber layer has a
counterbalancing characteristic on the Jsc and Voc at improved Nt. When the Nt of the
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absorber layer was at 1.000 × 1014 cm−3 and 1.000 × 1015 cm−3, which were easy to achieve
by the experimental route, the “ETL(4.0)+HTL(2.5)” case resulted in efficiencies of 17.53%
and 19.06%, respectively. The solar cell exhibited an efficiency of 19.51% with Jsc of 27.58
mA/cm2, Voc of 1.0713 V and FF of 66.02% when Nt was at 1.000 × 1011 cm−3. This study
may contribute to the improvement of the PSC in the optimization of defect density, thin
film thickness and energy-level balance.
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