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The huge performance enhancements of the organometal halide perovskite solar cells (OHPSCs) have
appealed enormous attention within recent ten years. Although the rapid growth of the device power
conversion efficiency (PCE) has attained over 25%, the contamination of health-hazardous components
still holds back its sustainable applications. To reduce the lead usage, many groups have tried chemical
lead reduction solutions: substituting the lead by other group 14 metal elements to realize the low-lead
OHPSCs. Unfortunately, neither the PCE nor the stability, low-lead OHPSCs all lag far behind the state-of-
the-art conventional lead-based OHPSCs. In this work, we present a physical lead reduction (PLR) concept
by reducing the perovskite film thickness to restrict the perovskite hazard risk with minor scarification in
device performances. Through the simulation of transfer matrix model, we theoretically demonstrated
that by introducing the optical space layer, the device PCE could maintain 96% of the original maximum
value while attenuating the perovskite film thickness to one-third. This means that the usage of lead can
be reduced by �70% with PLR concept, which could have broad appeal as a new lead reduction strategy
towards high performance OHPSCs.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Since the first attempt to use CH3NH3PbI3 (MAPbI3) as light har-
vester in solar cells at 2009, the explored superior photoelectric
properties of organometal halide perovskites (OHPs), including
high absorption coefficient, long charge diffusion length and large
bandgap range, have drawn enormous attention [1–8]. The crys-
talline compound of OHPs can be described by generic chemical
formula ABX3, where A-site cation comprises organic compounds
like CH3NH3

+ (MA+), [(NH2)2CH]+ (FA+), etc., the B-site stands for
lead (Pb), and X is halide ions I, Br, and Cl [7,8]. With the progress
in the approach development, morphology optimization and
mechanism understanding, the explosive growth of power conver-
sion efficiency (PCE) from 3% to over 25% within ten years, makes
the organometal halide perovskite solar cells (OHPSCs) without
parallel in the photovoltaic history [9]. In addition, OHPSC offers
the low processing costs, making it as a front runner in the key
photovoltaic technology for the sustainable development of human
civilization [7,10].

However, the contamination of heavy metal lead is one of the
major impediments for the OHPSC commercialization, which rais-
ing the concern about the potential public health hazards [11,12].
The risk associated to lead usage is not only presented in the
arouse of serious health problems such as the hemoglobin biosyn-
thesis disruption, miscarriage, anaemia and hyperactivity, but also
the easy pathway into human body (directly through food, water
or air) [13–15]. Hence, to eliminate the large lead usage has
become the priority for realizing the commercially available
OHPSCs. To this end, the common option is to use the chemical
lead reduction (CLR) strategy: replacing the lead by using other
group 14 metal elements, such as tin (Sn) or germanium (Ge)
[2,15,16]. Early in 2012, Chung et al. [17] have tried to introduce
CsSnI3 with Eg of 1.3 eV into solid state dye-sensitized solar cell.
Then in 2014, the first OHPSC based on MASnI3 was obtained by
Noel et al. [11], in which the device PCE was over 6%. Since that,
many CLR attempts have been explored to realize low-lead
OHPSCs. However, neither the PCE nor the device stability,
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low-lead OHPSC still lags far behind the state-of-art conventional
OHPSCs [4,16].

Previous study suggests that the lead is critical to realize the
superior photoelectric properties of OHPs [18–20]. The complete
substitution of Pb2+ may not only restrict the stable crystalline
structure of OHPs, but also bring new deep defect states
[12,19,21,22]. Moreover, the B-cite cation needs to be stable in
+ 2 state while the upper group elements such as Sn and Ge are
more stable in + 4 state [15]. The vibration of the oxidation states
can introduce the critical stability issues of the device. Further-
more, the health hazard of using OHPs is not only associated to
lead, in which methylamine and iodide also play an important role.
Methylamine may affect the modification of cells’ DNA and RNA
content by inhibiting protein turn-over progress. In addition, the
iodine or iodide were indicated to affect the thyroid hormone sta-
tus in substantially different ways [13,15,23–25]. Hence, the CLR is
not a sophisticated option for realizing the low toxic OHPSCs at
present.

In this work, we provide a physical lead reduction (PLR) concept
(decreasing the perovskite film thickness) to decrease the overall
consumption of OHPs in the device while maintaining the high
PCE. Through the simulation of the transfer matrix model (TMM),
we theoretically demonstrated that by introducing the optical
space layer, the optical field distribution inside the perovskite
absorber was able to be well optimized. As a result, the device
PCE could preserve the 96% of the original maximum value while
attenuating the perovskite film thickness to one-third, leading to
the �70% lead reduction in the device.
2. Experimental

2.1. Materials and solvents

All materials were used as received without further purification,
including methylamine iodide (MAI, Dyesol), lead iodide (PbI2,
99.99%, TCI), N,N-dimethylformamide (DMF, 99.8%, Across),
dimethyl sulfoxide (DMSO, 99.7%, Across), Spiro-OMeTAD (Feiming
Chemical Limited), tin oxide colloidal solution (SnO2, 15% in H2O
colloidal dispersion, Alfa Aesar), Zinc oxide nanoparticles (ZnO
NPs, 2.5 wt% in isopropanol, Sigma-Aldrich).

2.2. Transfer matrix model simulation

We use the cubic ABX3 perovskite structure, in which the A rep-
resents the MA cation (CH3NH3

+), B represents as Pb, and X repre-
sents the iodine in this work. Two kinds of device structure are
employed for the TMM simulation. Normal structure: indium tin
oxide (ITO) (150 nm)/SnO2 (150 nm)/MAPbI3 (200–600 nm)/
Spiro-OMeTAD (abbreviated as Spiro, 100 nm)/Au (100 nm).
Inverted structure: ITO (150 nm)/poly(3,4-ethylenedioxythio
phene):poly(styrenesulfonate) (PEDOT:PSS) (40 nm)/MAPbI3
(200–600 nm)/PC61BM (50 nm)/Ag (100 nm). Optical space layer
(OS): OS-1 is SnO2/ZnO NPs, OS-2 is MoO3/Spiro, OS-3 is PEDOT:
PSS/MoO3, OS-4 is ZnO NPs/PC61BM. The optical field distribution
and short-circuit current density under AM 1.5 solar illumination
were modelled using a Matlab code developed by Burkhard et al.
[26] and based on a transfer matrix method described by Pet-
tersson et al. [27]. The thickness error is around ±10 nm for the
perovskite film, and ±2 nm for the optical space layer.

2.3. Characterization

The UV–vis absorption spectra of MAPbI3 film were measured
by a spectrophotometer (UH4150, Hitachi). The real part of the
refractive index (n) was determined from a transformation of the
Kramers-Kronig relation from the extinction coefficient (k) and
base-lined with n (k > 800 nm) extracted from the spectroscopic
ellipsometry data collected on a ellipsometer (Nanoview SE MF-
1000).
3. Results and discussion

According to the literatures, high efficient OHPSCs are generally
based on the thick perovskite absorber with a film thickness about
400–600 nm. The advantages of using such thick films can be con-
cluded as: (1) profiting from the long carrier diffusion length over
the orders of micrometers, the perovskite absorber can be fabri-
cated thick enough to absorb the light completely [28,29]. (2) Thick
film can relief the pin-hole issues which are highly problematic in
the thin film solar cell [19,30]. (3) The effect of the thickness devi-
ation error to the device performance is inverse proportion to the
film thickness [31,32]. (4) Thick film is more favor for the scalable
manufacture methods such as roll-to-roll, spray coating and blade
casting, etc. [6,32,33]. However, the thicker perovskite absorber
means the larger toxic component usage, which raises the risk of
health hazards. Although many CLRs have been developed to alle-
viate the hazard worries, these solutions are still far from mature,
which mainly restricted by the low PCE and weak device stability.
Hence, we provide a PLR strategy for the future commercial OHPSC
in this work. Compared to CLR, PLR curtails the original perovskite
materials input by decreasing the perovskite film thickness, as
described in Fig. 1. Through optimizing the optical field distribu-
tion, the thinner perovskite film can preserve the high device per-
formance with less lead usage, which paves the way for the future
commercialized OHPSCs.

To estimate the performance of thin-film OHPSCs, we need to
investigate the influence of thickness on the device parameters at
first. According to the definition of solar cell performance,

PCE ¼ JSC � VOC

Pin
FF; ð1Þ

where JSC is the short-circuit current density, VOC is the open-circuit
voltage, Pin is the incident power, and FF is the fill factor. As well
known, the perovskite absorber can generate the charges by directly
absorbing the insight light. The JSC is mainly determined by the per-
ovskite component combination and the charge generation rate of
the absorber. In this work, we choose the most widely explored
MAPbI3 (MA+ = CH3NH3

+) as the perovskite absorber material.
Among the photovoltaic parameters, internal quantum efficiency
(IQE) is the ratio of the extracted charge carriers to the captured
sunlight in the absorber. For the OHPSC, many researches have
demonstrated the extra high IQE. To simplify the simulation pro-
gress, we assume the IQE = 100%, which means every absorbed pho-
ton can be transferred to generate exciton. Hence, the JSC varying as
a function of device geometry and perovskite absorber thickness
becomes possible. As depicted in Fig. 2a, the absorption of MAPbI3
film can be distinguished as two regimes of behavior: Beer-
Lambert regime (k < 650 nm) and cavity regime (k > 650 nm). Per-
ovskite shows a strong light absorbance for the Beer-Lambert
regime light. Hence, thin perovskite film could realize the com-
pletely light absorption. In contrast, the perovskite exhibit relatively
low absorption efficiency for the cavity regime light.

To understand the cavity electro-optics of OHPSCs, the optical
constants of all layers need to be accurately measured. The refrac-
tive index n determines the wavelength of light in a material and
extinction coefficient k is related to the absorption in the medium
[26,34]. Although there are several (n, k) data that can be found
online, the optical constants of materials may affected by the fab-
rication conditions. To make sure the accuracy of our simulation,
we apply the spectroscopic ellipsometry to characterize the optical



Fig. 1. (Color online) Lead reduction concept for low toxic OHPSCs.

Fig. 2. (Color online) Absorption spectra of 600 nm MAPbI3 film (a) and optical constants of MAPbI3 (b).
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constants for all layers used in this work. The optical constants of
MAPbI3 is presented in Fig. 2b, while other material details can
be found in the Fig. S1 (online).

The transfer matrix method can be used to model the absorp-
tion of absorber layer, accounting for the optical interference effect
as well as parasitic absorption [26,34]. This method has been well
utilized in the prediction of the organic solar cell performance, and
also dedicated to the research of OHPSCs recently [35–38]. To
demonstrate the universality of this method, the most widely used
device structures were chosen for the TMM simulation, which is
normal structure (ITO/SnO2/MAPbI3/Spiro/Au) and inverted struc-
ture (ITO/PEDOT:PSS/MAPbI3/PC61BM/Ag). Fig. 3a shows the opti-
cal field distribution in the OHPSCs for the four wavelengths of
Fig. 3. (Color online) (a) Optical field distribution in MAPbI3 based OHPSC for four wave
layer. (c) Calculated perovskite absorber thickness vs. short circuit current density.
500–800 nm. Be strongly absorbed by MAPbI3, the incident light
with k < 650 nm follows the Beer-Lambert law that cannot reach
the back electrode. In this case, the absorption is saturated without
the appearance of optical interference. In contrast, the light with
k > 650 nm exhibited the low finesse cavity interference [34].
According to TMM, we estimated the maximum photocurrent to
be near 24.26 mA cm–2, assuming the IQE of 100% (Fig. 3b). It sug-
gests that the contribution of photocurrent mainly originates from
the first few hundred nanometers. The reason for the fabrication of
thick film over 400 nm is to confirm the saturated absorption of
incident light. To explore the minimum absorber thickness, we
simulate the maximum JSC as a function of the perovskite absorber
thickness (Fig. 3c). It shows that the turning point of this curve is
lengths of 500–800 nm. (b) Exciton generation rate distribution among the MAPbI3
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found in 200 nm, in which the JSC have reached the 85% of maxi-
mum value. This phenomenon is also shown in the inverted struc-
tured OHPSC, where the absorber thickness can be further
decreased to 150 nm (Fig. S2 online). After the turning point, the
JSC exhibits independence of the film thickness. This indicates the
perovskite film can be fabricated as thin as 200 nm while main-
taining the high photovoltaic performance.

To further investigate the effect of film thickness to the optical
filed distribution, we simulate the OHPSC with varied structure
(Figs. 4 and S3 (online)). In the normal device, the optical interfer-
ence exhibited more significantly with the decrease of the per-
ovskite film thickness. When the film is thick enough (>400 nm),
only the light of k > 650 nm shows the optical interference effects
in the perovskite layer. However, the strong optical peaks and val-
leys were emerged when the perovskite thickness decreases to
200 nm. The excitation distribution in fact is discontinuous at the
interface since the optical constant changes at the interface. It is
seen that Ej j2 is strongly influenced by interference effects, which
gives rise to a varying value in the device [27]. Due to the different
Fig. 4. (Color online) Normalized electric field intensity distribution in the OHPSC with n
to 200 nm.
charge transport materials used in normal and inverted structure,
the optical field distribution shows the differential peaks and val-
leys within the perovskite absorber. For the light located in Beer-
Lambert regime, 200 nm film thickness is thick enough for the sat-
urated light absorption. However, the light in the cavity regime
still suffers from the optical interference effects, in which the inter-
ference valley restricts the exciton generation rate.

In order to optimize the optical distribution inside the absorber
layer, we need to modify the contact between perovskite absorber
and charge transport layer. Based on the previous results, we chose
molybdenum trioxide (MoO3) and zinc oxide nanoparticles (ZnO
NPs) as the optical spacer [39–41]. To simplify, we combine optical
spacer and charge transfer layer as optical space layer. Figs. 5 and
S3 (online) exhibit the optical distribution inside the OHPSCs with
and without optical space layer. As shown in Fig. 5a and b, normal
structure OHPSC only shows one interference peak ridge for the
cavity regime light within the perovskite absorber, giving rise to
the JSC of 21.64 mA/cm2. In comparison, through the calculation
of TMM, we obtained the two interference ridges of cavity regime
ormal structure (a–c) and inverted structure (d–f). MAPbI3 thickness varies from 600



Fig. 5. (Color online) Optical field distribution of OHPSCs. (a) and (c) The optical field distribution in MAPbI3-based normal OHPSC for four wavelengths of 500–800 nm. (b)
and (d) The corresponding exciton generation rates distribution among the MAPbI3 layer. The box inside Fig. 5d shows the second interference ridge.
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by optimizing the thickness of OS, resulting in the enhanced JSC of
23.27 mA/cm2 (Fig. 5c and d). Similarly, we accessed the JSC
improvement from 20.82 to 22.19 mA/cm2 by adjusting the OS
thickness in the inverted OHPSCs.

To evaluate the device performance, we combine the Shockley-
Queisser theory and detailed balance principle for the estimation
of VOC and FF [42]. Regardless the nonradiative recombination
(defect-assisted recombination and Auger recombination, etc.),
the VOC can be calculated by measuring the film absorption (details
can be found in Supplementary data online) [17–19,21,42]. In addi-
tion, the VOC can deduce to the FF through empirically forum

FF ¼ vOC � lnðvOC þ 0:72Þ
vOC þ 1

; ð2Þ

vOC ¼ q
nkT

VOC; ð3Þ
Table 1
Simulated photovoltaic parameters of OHPSC.

OHPSC structure Absorber thickness (

Normal ITO/SnO2/MAPbI3/Spiro/Au 600
ITO/SnO2/MAPbI3/Spiro/Au 200
ITO/OS-1/MAPbI3/OS-2/Aua 200

Inverted ITO/PEDOT:PSS/MAPbI3/PC61BM/Ag 600
ITO/PEDOT:PSS/MAPbI3/PC61BM/Ag 150
ITO/OS-3/MAPbI3/OS-4/Agb 150

a OS-1: SnO2 (40 nm)/ZnO NPs (10 nm); OS-2: MoO3 (3 nm)/Spiro (180 nm).
b OS-3: PEDOT:PSS (40 nm)/MoO3(10 nm); OS-4: ZnO NPs (20 nm)/PC61BM (50 nm).
c FF was calculated under the ideality factor n = 1.
where the vOC is defined as ‘‘normalized VOC”. Hence, we can obtain
the PCE of the thin film OHPSC through Eq. (1), and the estimated
photovoltaic parameters are listed in the Table 1. The theoretical
results show that by introducing the OS, the PCE of device can still
maintain the 96% of the maximum value while reducing the per-
ovskite absorber thickness to 200 nm. Compared with that, the
absorber thickness could be even decreased to 150 nm for the
inverted OHPSCs, which also preserved over 96% of the original PCE.

In addition to the high PCE, the fabrication of thin film OHPSC
would bring a significant commercial benefit. Although the cost
of OHPSC is relatively low when compared to other 3rd generation
photovoltaic technologies, the utilization of toxicity and health-
hazardous components hold back the further commercial applica-
tion of OHPSCs [7,13]. Through the theoretical study in this work,
we have demonstrated the perovskite film could be fabricated as
thin as 150 nm while maintain the 96% PCE of OHPSCs based on
600 nm thick perovskite absorber. Assuming all electric power
nm) JSC (mA cm–2) VOC (V) FFc (%) PCE (%)

24.26 1.36 90.71 29.93
21.63 1.34 90.60 26.25
23.27 1.34 90.60 28.25

22.72 1.36 90.71 28.03
20.81 1.33 90.55 25.06
22.19 1.33 90.55 26.72
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generation OHPSCs are based on MAPbI3 absorber, to the maxi-
mum extent, the utilization of thin film OHPSCs can avoid the
usage of 40 tons Pb, as well as 73.49 and 6.18 tons for iodine and
MA, respectively. The less raw materials input can not only
decrease the materials cost, but also save the energy wastes in
the OHPSC recycling and environmental governances [10,14].
However, this work is only a theoretical prediction of the PLR with-
out showing any experimental results of the ultrathin OHPSCs.
Before the optimization of the perovskite precursor, interfacial
contact, and optical distribution, the PCE of ultrathin OHPSC is still
far from 20%. The obtain of effective optical spacer will be critical
for not only the formation of perfect perovskite absorber but also
the realization of PLR.

4. Conclusions

In summary, we proposed a PLR strategy to alleviate the health
hazard worries of OHPSC by significantly reducing the lead usage.
Through the TMM simulation, we theoretically demonstrated that
by introducing the optical space layer between electrode and per-
ovskite layer, the optical field distribution inside the perovskite
absorber is able to be well optimized. As a result, the device PCE
could preserve the 96% of the original maximum value while atten-
uating the perovskite thickness to one-third, leading to �70%
reduction of lead usage. Without reconfiguration the combination
of perovskite components, our unique approach could have board
appeal as a new lead reduction strategy towards high performance
OHPSCs and commercial available perovskite electronics.
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