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A B S T R A C T   

In the total cost of perovskite solar cells (PVSK), the most successfully used indium-tin-oxide (ITO) transparent 
electrode takes up a substantial amount, which could be big limit for the commercialization of PVSK cells. 
Aluminum (Al) foil is an extremely low-cost metal electrode with high conductivity and is an ideal alternative for 
the ITO electrode in PVSKs. Aiming to develop low-cost PVSK, we systematically optimized the layer sequential 
of inverted PVSK based on the opaque Al bottom electrode. The unsuitable work functions of Al electrode and the 
poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA) hole transport layer lead to low device performance. 
Through the introduction of a thin molybdenum (VI) oxide (MoO3) layer between the Al electrode and PTAA 
layer, the hole injection barrier was minimized, leading to a dramatic improvement of device performance. By 
adjusting the thicknesses of the MoO3 interlayer, a champion cell showed a power conversion efficiency of 7.09% 
based on spray-coated silver nanowires top electrode, proving the concept of using aluminum foil in making low- 
cost perovskite solar cells.   

1. Introduction 

The development of perovskite solar cell (PVSK) has entered a golden 
age since the first reported by Miyasaka et al. in 2009 [1]. The power 
conversion efficiency (PCE) has rapidly increased from 3.8% to a 
remarkable number of over 25% [2]. Perovskite film, the indispensable 
part of perovskite solar cells, are generally prepared from lead halides 
and organic ammonium salts, which are cheap and earth’s crust contain 
enough materials [3–5]. In combination with the solution processability 
of various functional layers, perovskite solar cells are expected to be 
low-cost and drawn enormous attention both from the academy research 
and industry communities. 

In a complete perovskite solar cell, both the top and bottom elec-
trodes are essential layers. Transparent conductive oxides (TCO), such as 
indium-tin-oxide (ITO) and fluorine-doped tin oxide (FTO) are the most 
widely used bottom electrode owing to their balanced conductivity and 
transparency [6–8], whereas opaque metal electrode, such as aluminum 
(Al), silver (Ag) and gold (Au) are used as the top electrode, which are 

usually prepared by vacuum deposition methods [9–11]. Although TCO 
is widely used as the bottom electrode, TCOs are rarely used as top 
electrode owing to its complicated deposition processes [12–14]. In 
addition, TCO electrodes suffer from brittle nature as well as high 
fabrication costs [15]. For example, Chang et al. showed that ITO bot-
tom electrode and gold top electrodes take up over 70% of the total cost 
in PVSK devices [16]. To meet these challenges, researchers have 
developed various potentially low-cost alternative transparent conduc-
tors as the electrode for perovskite solar cells, such as carbon-based 
materials [17–20], conductive polymers [21–23], metal foils [24,25] 
and metal nanowires [26,27]. With these, the fabrication of perovskite 
solar cells from the opaque metal electrode became possible. Peng firstly 
reported the integration of perovskite solar cells into a flexible fiber, in 
which stainless steel and carbon nanotubes were used as the bottom and 
top electrode, respectively [28]. Following this, perovskite solar cells 
based on Ti [25,29–34], Cu foil [24], as well as Ag electrode [35,36] 
were reported, where carbon nanotube [36], ultra-thin metal films [25, 
30,36], TCO [32,34], conductive polymer [31,35], and silver nanowires 
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(AgNWs) [24,33] were used as the transparent top electrode, and PCE of 
6–15% were reported for these cells. 

Al has the advantages of extra low-cost, high conductivity, and 
suitable work function (WF, − 4.28 eV) [37] for both hole [38–40] and 
electron [41–43] collection in solar cells, and these superiorities make Al 
a promising bottom electrode for perovskite solar cells. However, there 
is no report on the perovskite solar cells using Al as the bottom electrode. 
Recently, we have successfully prepared silver nanowires based trans-
parent electrode for use organic [44,45] and perovskite solar cells [46, 
47], where highly transparent and conductive AgNW electrode were 
prepared either by ink-jet printing or spray-coating. We therefore pro-
posed to prepare perovskite solar cells from Al bottom electrode with 
solution-processed AgNW top electrode, which should be able to reduce 
the cost of the perovskite solar cells dramatically. Aiming to this, we 
report the preparation of structure inverted perovskite solar cells based 
on opaque Al bottom electrode and spray-coated AgNW top transparent 
electrode. To eliminate the negative solvent effect during the spray 
coating of AgNW electrode, we firstly use thermally evaporated ultra-
thin Ag film as the top electrode to optimize the interfacial connection 
between Al bottom electrode and the organic hole transporting layer 
poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine (PTAA). Surprisingly, 
we found that hole injection between PTAA and Al electrode is poor 
owing to the mismatched energy levels. Through the introduction of a 
thin molybdenum (VI) oxide (MoO3) layer, the charge injection barrier 
was minimized, which leads to the significant improvement of device 
performance. Based on the optimized interfacial connection, for the first 
time, we successfully prepared perovskite solar cells based on opaque Al 
bottom electrode and spray-coated AgNW top electrode, which show a 
potentially low cost. 

2. ．Experimental section 

2.1. Materials 

Patterned ITO glass was purchased from Shenzhen South China 
Xiangcheng Technology Co., Ltd. MoO3 powder (99.999%-Mo) was 
purchased from Strem Chemicals, Inc. High purity aluminum particle 
was purchased from Zhongnuo Advanced Material (Beijing) Technology 
Co. Ltd. The PTAA, PbCl2 (99%), Methylammonium Iodide (CH3NH3I) 
(99.5%) and PbI2 (99%) were all purchased from Xi’an Polymer Light 
Technology Corp. Phenyl-C61-butyric acid methyl ester (PC61BM) was 
provided by Solarmer Energy, Inc. (Beijing). Branched poly-
ethyleneimine (PEI, Mn = 2.5 × 104 g mol− 1) was purchased from Sigma 
Aldrich. The AgNWs water dispersion with a concentration of 10 mg 
mL− 1 was purchased from Nanchang H&C Advanced Materials Co. Ltd. 
The high concentration of AgNWs dispersion was diluted with a certain 
amount of water and isopropanol (IPA) with a ratio of 1:4. The final 
concentration of AgNWs dispersion is 1.2 mg mL− 1. 

2.2. Fabrication of perovskite solar cells based on Al and ITO bottom 
electrode 

For Al-based PVSK devices, thin glass was used as substrates. The 
glass substrates were cut into 2.5 × 2.5 cm2 and then sequentially 
cleaned by deionized water, acetone, and IPA to remove surface impu-
rities. After completely drying the substrates, Al electrodes were 
patterned deposited with the vacuum thermal evaporation technique at 
a pressure of 6 × 10− 4 Pa. For MoO3 modified devices, various thick-
nesses MoO3 were deposited on Al electrodes also with vacuum thermal 
evaporation technique after the Al evaporation. PTAA was dissolved in 
toluene with a concentration of 2.2 mg mL− 1 and ultrasonically treated 
for 2 h. The fully dissolved PTAA solution was spin-coated directly on Al 
or MoO3 modified Al bottom electrodes at 5000 revolutions per minute 
(rpm) for 50 s, then followed by thermal treating at 105 ◦C for 5 min. 
After PTAA hole transport layer cooled down to room temperature, 0.5 
mg mL− 1 PEI dissolved in IPA was spin-coated on it at 3000 rpm for 50s 

and then thermally annealed at 105 ◦C for 5 min to increase the 
wettability of the upper interface layer. The perovskite precursor solu-
tion was prepared by mixing 103.35 mg CH3NH3I, 306.56 mg PbI2, and 
9.73 mg PbCl2 in a mixture solvent of 350 μL Gamma-butyrolactone and 
150 μL dimethylsulfoxide. The precursor solution was stirred at 55 ◦C 
overnight before use. The perovskite layer was fabricated through an 
anti-solvent procedures described below [48]: 50 μL perovskite pre-
cursor solution was dropped onto PEI modify layer at 1000 rpm for 10 s 
and then 4000 rpm for 30 s. During the spinning processing, 450 μL 
chlorobenzene (CB) was added onto the substrate at the 17th second. 
The yellowish perovskite precursor film was then thermally annealed at 
100 ◦C for 10 min to fully convert into dark brown perovskite film. 
PC61BM was dissolved in CB with a concentration of 20 mg mL− 1 and 
ultrasonically treated for 2 h. After the dark brown perovskite film 
cooled down to room temperature, a fully dissolved PC61BM solution 
was spin-coated on it at 1000 rpm for 45s to form an electron transport 
layer. For the PVSKs using spray-coated AgNWs or evaporated thin Ag 
conductive film as top electrodes, 1 mg mL− 1 PEI dissolved in IPA was 
spin-coated onto PC61BM film at 5000 rpm for 60s to improve the 
connection and minimize the charge injection barrier between PC61BM 
and top electrodes [47]. 

For devices with evaporated thin Ag (e-Ag) as top electrodes, after 
spin-coated PEI interface layers, 12 nm thin Ag layers were thermal 
evaporated through a shadow mask at a pressure of about 6 × 10− 4 Pa. 
For devices with spray-coated AgNWs as top electrodes, the AgNWs 
dispersion was spray-coated on top of PEI interface layer with a spray 
coater (Hizenith AC300-1, Hizenith Robot (Suzhou) Co., Ltd.), the 
nozzle moving speed was 16 mm s− 1. The substrates were kept on a 
hotplate of 53 ◦C during the spray-coating process in order to speed up 
the evaporation of dispersants. Finally, AgNWs electrodes with AgNWs 
density of 6.2 μg cm− 2, averaged sheet resistance of 27.0 Ω □− 1 and an 
averaged light transparence (AVT) of 91% could be obtained. After the 
deposition of AgNWs electrode, the solar cells were annealed at 85 ◦C for 
5 min. 

For PVSK based on ITO, patterned ITO glasses were first cleaned as 
the glass substrates mentioned above. After completely drying the ITO 
glasses, other interface layers were fabricated in the same way as the 
devices based on metal electrodes. The active areas of these perovskite 
solar cells with different electrodes are all 0.04 cm2 defined by a 
photomask for solar simulator measurements. 

2.3. Characterization of films 

The film thicknesses in this report were measured by a step profiler 
(Veeo, Dektak 150). After the deposition of film to be tested, the probe 
gently slides along the film surface and moves up and down along the 
surface peaks and valleys, this movement of the probe reflects the sur-
face profile. The conductive films’ sheet resistances were measured by a 
four-point probe station (Suzhou Jingge ElectronicCo., Ltd)). The light 
transparency of the electrodes, including spray-coated AgNW films and 
thermal-evaporated thin Ag films, were measured using a UV–visible 
spectrometer (Lambda 750, PerkinElmer). 

2.4. Characterization of device 

The current density-voltage (J-V) characters of the perovskite solar 
cells under a simulated sun AM 1.5 G (Newport VeraSol-2 LED Class 
AAA Solar Simulator) were measured with a Keithley 2400 source 
meter. All these PVSK devices were top-illuminated. The external 
quantum efficiencies (EQE) were tested by a home-made system, which 
has a 150 W tungsten halogen lamp (Osram 64642) as the light source, a 
monochromator (Zolix, Omni-l300) to get the monochromic light, an 
I–V converter (QE-IV Convertor, Suzhou D&R Instruments) and a lock-in 
amplifier (Stanford Research Systems SR 830) to record the photon-to- 
electronic response. 
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3. Result and discussion 

3.1. Preparation and characterization of Al and Al/MoO3 composite 
electrodes 

Al has been commonly used as the cathode in perovskite thin-film 
solar cells [49–52]. For its low WF of − 4.28 eV, Al is not an appro-
priate choice as the anode for thin-film solar cells. To minimize the hole 
injection barrier from the photoactive layer to the Al anode, we intro-
duce a high WF interfacial layer between the photoactive layer and the 
Al anode [53]. Metal oxide interface layers have been proved to have 
great capability to tune the WF of metallic electrodes by adsorption, 
charge transfer and reaction [54]. Among the family of metal oxide 
materials, MoO3 has been recognized as the ideal hole transporting layer 
materials in photoelectric devices, owing to its low-lying electronic state 
(WF of − 5.6 eV) and the strong n-doped by oxygen vacancies [55,56]. 
For this reason, a thin MoO3 layer was introduced to modify the Al 
electrode, and the properties of Al and Al/MoO3 electrodes were then 
systematically investigated. 

It is well known that the wettability greatly influences the film- 
forming capability for the deposition of the functional layers via solu-
tion processing. The improved adhesion also contributes to reducing the 
electrical contact resistance in the vertical direction of the device 
compared to non-wetting surfaces [57]. Therefore, before the fabrica-
tion of complete solar cells using solution processing, we first charac-
terize the Al and Al/MoO3 electrodes’ surface properties. Contact angles 
(CA) of water and CH2I2 on Al and Al/MoO3 electrodes modified by 
MoO3 (30 nm) were measured and the results are shown in Fig. 1(b–e), 
Fig. 1 (a) shows a schematic diagram of the contact angle. The contact 
angle of water on the bare Al surface is as large as 79.8◦ but only 34.4◦

on the Al/MoO3 surface. Similar phenomenon was also found for the 
contact angles of CH2I2 on the Al and Al/MoO3 electrodes, where the 
contact angles decreased from 26.3◦ on the bare Al to 15.6◦ on the 
Al/MoO3 electrode. This result reveals that surface modification of Al 
with MoO3 could enhance the wettability both for the polar and 
nonpolar solvent, which would be beneficial for the deposition of 
organic functional layers. 

We perform the Young’s equation to calculate the surface energy of a 
solid surface [58]:  

(γs
d γl

d)0.5 + (γs
p γl

p)0.5 = 0.5γl(1+cosθ)                                             (1)  

γs = γs
p +γs

d                                                                                  (2) 

Where, γs
d and γs

p are the dispersion and polarity components of the 
solid surface energy, γl is the liquid surface tension, γl

d and γl
p are the 

dispersion and polarity components of the liquid surface tension which 
has been reported [59], θ is the contact angle between the liquid and 
solid surface. Contact angles of water and CH2I2 on Al/MoO3 and bare Al 

electrode are shown in Fig. 1, and the corresponding solid surface energy 
γs could be calculated according to equation (1). The results are listed in 
Table 1. As seen here, Al/MoO3 surface energy is 68.6 mN m− 1, much 
higher than that of Al (46.7 mN m− 1). Low surface energy is more 
suitable for the deposition of PTAA, theoretically, but for a given solid 
surface, the surface energy has a relationship with its wettability (higher 
surface energy causes increased wettability) [60]. Although Al surface 
has relatively lower surface energy to Al/MoO3 surface, it also corre-
sponds to inappropriate wettability for the deposition of PTAA. The 
insert of MoO3 significantly increased the surface energy and also 
enhanced the surface hydrophilicity, make this surface more suitable for 
the deposition of subsequent films than bare Al interface. 

To clarify that surface modification of the Al electrode with MoO3 is 
able to improve the interfacial connection between the organic layer and 
the electrode, hole-only devices with structures of Al/PTAA (100 nm)/t- 
MoO3 (30 nm)/Al (Device A) and Al (100 nm)/b-MoO3 (30 nm)/PTAA 
(100 nm)/t-MoO3 (30 nm)/Al (Device B, Fig. 2a) are fabricated, where 
100 nm PTAA was spin-coated on the Al or Al/MoO3 substrates and both 
the bottom- (b-MoO3) and top-MoO3 (t-MoO3) layers were deposited by 
vacuum thermal evaporation. PTAA was chosen as the hole transporting 
layer since it is widely used in perovskite solar cells. Fig. 2b depicts the 
current density-voltage (J-V) characters of these two hole-only devices 
measured at room temperature. As can be seen here, the device A 
without a bottom MoO3 layer showed a current density of 3.90 mA cm− 2 

at a negative bias of − 3.5 V and 0.39 mA cm− 2 at a positive bias of 3.5 V. 
The unsymmetrical J-V characteristics of device A suggests that a high 
charge injection barrier exists at the PTAA/Al interface [61]. To quan-
titatively analyze the hole injection barrier at the PTAA/Al interface, 
temperature dependent J-V characters of device A were measured and 
the results are ploted in Fig. 2c according to equations (3) and (4) [62]: 

∂ln J
∂T − 1 =

− φ + βF1/2

k
(3)   

β2 = q3/4πε                                                                                    (4) 

where the J values were taken from the measured current density at Vbias 
= − 3 V under different operating temperatures (T). k is the Boltzmann 
constant, F is the electric field strength, q is the elementary electronic 
charge and ε is the polymer dielectric constant. As can be seen from 

Fig. 1. (a) A schematic diagram of contact angle and the Contact angles of water (b,c) and CH2I2 (d,e) on Al (b,d) and Al/MoO3 (c,e) surfaces.  

Table 1 
Contact angles on bare Al and Al/MoO3 surfaces and their surface energy values.  

Films Contact angles (◦) Surface energy (mN m− 1) 

Water CH2I2 γs
d γs

p γs 

Al 79.8 34.4 44.0 2.7 46.7 
Al/MoO3 26.3 15.6 45.4 23.2 68.6  
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Fig. 2c, ∂ln J
∂T− 1 could be obtained from the slope of the line fitted to the 

corresponding data which value is − 10328.7, leading to φ = 1.01 eV. 
This huge interface barrier height causes the charge to be unable to 
conduct effectively in the sample with this structure. 

In contrast, almost two orders of magnitude enhancement were 
measured for the device B with the bottom MoO3 layer. High current 
densities of 198.1 and 265.7 mA cm− 2 were measured when the device 
was operated at − 3.5 and 3.5 V bias, respectively, suggesting improved 
interfacial contact at both electrodes. The temperature dependent J-V 
characters of device B has also been investigated and a slope of − 3656.2 
with a much lower φ = 0.42 eV of device B could be obtained from Fig. 2 
(c), indicating that charge can effectively transfer in this structure and 
the interface energy barrier is significantly reduced. In other words, the 
introduction of MoO3 on Al surface will greatly improve the connection 
between PTAA and Al, which could be originated from two different 
effects, one is the improved wettability of PTAA on Al surface, and the 
other one is reduced energy barrier for hole injection. Several findings 
have shown that charges could hop from an organic semiconductor 
HOMO level into MoO3, thus the hole-injection barrier at anode/organic 
interface could be significantly decreased by introducing a MoO3 layer 
between anode and organic semiconductor [63,64]. Herein, the 
decreased energy barrier at Al/MoO3/PTAA is believed to be a result of 
favourable energy-level alignment between MoO3 and PTAA molecules, 
which is largely influenced by the WF of MoO3. 

3.2. Characteristics of perovskite films on different substrates 

It is known that the morphology of the perovskite film is highly 
important for achieving high photovoltaic performance. We then exploit 
the effect of inserting MoO3 layer between Al and PTAA on the 
morphology and optoelectronic properties of the perovskite layer. 
Owing to the poor wettability of perovskite precursor solution on PTAA 
surface, an additional thin PEI layer was deposited onto the PTAA sur-
face before depositing the perovskite precursor solution [65]. Fig. 3 
depicts the scanning electron microscopy (SEM) images of perovskite 
film deposited on Al/b-MoO3/PTAA and Al/PTAA. For comparison, SEM 
images of perovskite film on ITO/PTAA was also measured and listed in 
this Figure. As can be seen here, all these perovskite films deposited on 
different substrates show homogeneous, pinhole-free, and condense 
morphology. The crystal sizes are calculated to be 180–270 nm, indi-
cating good film-forming capability on PTAA/PEI surface. In addition to 
the perovskite crystalline domains, PbI2 phases were also measured in 
these films as bright phases, which was reported to be beneficial for the 
high open-circuit voltage (VOC) of the cells [50]. 

We also checked the crystalline structure of the perovskite films on 
different electrodes by X-ray diffraction (XRD), and the results are 
shown in Fig. 4. Diffraction peaks of 2θ at 14.13◦, 28.48◦ and 31.93◦

corresponding to the (110), (220) and (310) of the perovskite crystals 
are clearly seen [50]. No difference in the diffraction peak position and 
intensity was found, indicating that perovskite films deposited on Al or 
ITO substrates have similar crystallinity. Again, weak peaks of 12.65◦

can be found on all these films, which could be assigned to the formation 

Fig. 2. (a) The hole-only devices with and without b-MoO3 modified structures; (b) J-V characters of these two hole only devices; (c) temperature depended current 
density at V = -3 V for these two hole only devices. 
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of PbI2 crystals, in good consistent with SEM results. Nevertheless, no 
significant difference was found for the perovskite films deposited on the 
different electrodes, the final device performance should not be due to 
the difference on the perovskite thin film morphology (vide infra). 

3.3. Perovskite solar cells with thermal evaporated silver thin film top 
electrode 

We then fabricated and tested inverted perovskite solar cells based 
on Al or Al/MoO3 bottom electrode. For comparison, perovskite solar 
cells with ITO bottom electrode were also fabricated and tested. In this 
set of experiments, we used thermal evaporated 12 nm Ag thin film as 

the transparent top electrode [30]. Although low averaged visible 
(400–800 nm) light transparence (AVT) of 26.5% was measured for the 
12 nm Ag thin film electrode (Fig. 5c), deposition of the Ag electrode via 
thermal evaporation can minimize the uncertain influence of organic 
solvent when spray coating the AgNW electrode and therefore is better 
for the study of the influence of the bottom electrode on the perovskite 
solar cell performance. 

We first compare the photovoltaic performance of the perovskite 
solar cells on Al and ITO bottom electrode directly. Fig. 5a and b depict 
the device structure and band alignment diagram of the perovskite solar 
cells, respectively. Fig. 5c shows the transmittance of the ITO and e-Ag 
electrode. For the ITO-based cell (with a structure of ITO/PTAA//PEI/ 
perovskite/PC61BM/PEI/e-Ag, Device 1), since both electrodes are 
transparent, we checked the cell’s photovoltaic performance illumi-
nated from either ITO or e-Ag side. For the Al bottom electrode-based 
cell (with a structure of Al/PTAA//PEI/perovskite/PC61BM/PEI/e-Ag, 
Device 2), we only check the photovoltaic perovskite cell illuminated 
from the e-Ag top electrode. The J-V characters of these cells are shown 
in Fig. 5d, and the photovoltaic performance data are summarized in 
Table 2. As seen from here, the Device 1 illuminated from the ITO side 
showed a high Voc of 1.09 V, a short-circuit current (Jsc) of 20.62 mA 
cm− 2, a fill factor (FF) of 0.71, and an overall PCE of 16.00%, which is 
comparable with the semitransparent perovskite cell reported in the 
literature [46]. When the cell is illuminated from the e-Ag side, a Voc of 
1.03 V, a Jsc of 3.91 mA cm− 2, an FF of 0.72, and a PCE of 2.90% was 
measured, which is much lower than illuminated from the ITO side. This 
is mainly due to the lowered Jsc originating from the low light trans-
parency of the e-Ag electrode (Fig. 5c). Nevertheless, the results of the 
ITO based cell suggest that all the functional layers within the cell are 
well interconnected. In contrast, the PVSK cell based on the bare Al 
bottom electrode (Device 2) shows a poor performance with a Voc of 
0.60 V, extremely low Jsc (0.05 mA cm− 2) and FF (0.14), resulting in a 
low PCE of 0.004%. Except for the bottom electrode, the ITO and Al 
based cells have identical layer stacking structure. The low performance 
of the Al based cell is then attributed to the unsatisfied interfacial 
connection between Al and PTAA (vide supra). 

Thin MoO3 layer with different thicknesses (15, 30, and 40 nm) was 
then inserted in between Al bottom electrode and PTAA layer. Fig. 5e 
shows the J-V curves of the cells and the photovoltaic performance data 
are listed in Table 2 for comparison. As reported, the MoO3 work 

Fig. 3. SEM images of perovskite films deposited on (a, d) ITO/PTAA, (b, e) Al/PTAA and (c, f) Al/b-MoO3/PTAA under local scans (a, b, c) and large area scans (d, 
e, f). 

Fig. 4. The XRD patterns of perovskite films deposited on PTAA/PEI on 
different electrode. 
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function and electronic band structure are related to the film thickness 
[66]. When the MoO3 layer is too thin (15 nm) to realize interfacial 
connection between Al and PTAA layer, the cell shows still very poor 
performance with extremely low Jsc. However, when the MoO3 layer is 
increased to 30 nm, the perovskite cell showed a Jsc of 1.76 mA cm− 2 

with a Voc of 0.87 V, an FF of 0.67 and an overall PCE of 1.03% (Fig. 5e). 
Although the cell performance is still low, this result confirmed that the 
insertion of 30 nm MoO3 layer is able to improve the connection be-
tween Al electrode and PTAA layer and consequently improve the device 
performance. Further increase of the thickness of MoO3 layer (40 nm), 
however, lowers the device performance, which could be owing to the 
reduced electron blocking property of the thick MoO3 layer, as seen from 
the dark J-V characteristics. 

The improvement of the interfacial connection between Al and PTAA 
layer was also confirmed by the dark J-V characteristics of the cells 
(Fig. 5f). Very low current density was measured for the cell with 15 nm 
MoO3 thin film (similar to that of MoO3-free cell), indicating a large hole 
injection barrier at the Al/PTAA interface. Increasing the layer thickness 
of MoO3 to 30 nm, larger current was measured with a high rectification 
coefficient. Interestingly, further increase of the MoO3 layer thickness to 
40 nm, large dark saturated current was measured, indicating a worse 
electron blocking capability of the thick MoO3 layer, which can be 

Fig. 5. (a) Device structure and (b) band alignment diagram of PVSKs based on Al and ITO bottom electrodes. (c) The transmittance of bare ITO and e-Ag electrodes. 
(d) J-V curves of Device 1 and Device 2, the zoom in figure shows the photovoltaic property of Device 2. Light (e) and dark (f) currents of Al based devices with 
different MoO3 interfacial layer, respectively. 

Table 2 
The photovoltaic properties of perovskite solar cells based on ITO, Al, or Al/ 
MoO3 electrode with thermal evaporated thin Ag electrode (12 nm).  

Bottom Electrode Voc (V) Jsc (mA cm− 2) FF PCE (%) 

ITO (ITO side) 1.09 20.62 0.71 16.00 
ITO (e-Ag side) 1.03 3.91 0.72 2.90 
Al 0.60 0.05 0.14 0.004 
Al/MoO3 (15 nm) 0.65 0.05 0.15 0.01 
Al/MoO3 (30 nm) 0.87 1.76 0.67 1.03 
Al/MoO3 (40 nm) 0.86 1.28 0.67 0.74  
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understood by the n-type characteristics of MoO3 [64]. 

3.4. Perovskite solar cells with spray-coated silver nanowire top electrode 

Knowing that AgNWs have balanced conductivity and light trans-
parency, to improve further the performance of PVSK based on opaque 
Al electrode, we used a spray-coated AgNW electrode as the top trans-
parent electrode. To protect the AgNW electrode from the chemical 
corrosion of perovskite material and to improve the interface connection 
of PC61BM with AgNW electrode, a thin layer of PEI was deposited onto 
the PC61BM before spray-coating AgNW layer. The concentration and 
spray-coating processes were optimized, and a highly transparent 
AgNWs conductive film with a sheet resistance of 27.0 Ω □− 1 and a light 
transparency of 92% at 550 nm was achieved, which showed 3 times 
higher the transmittance than the 12 nm e-Ag film. Finally, perovskite 
solar cell based on opaque Al electrode with a structure of Al/MoO3 (30 
nm)/PTAA/PEI/perovskite/PC61BM/PEI/AgNWs was fabricated 
(Fig. 6a). For comparison, semitransparent PVSK with a transparent ITO 
bottom electrode were also fabricated. Fig. 6b and c showed the J–V 
characteristic curves and EQE spectra of the best performance cells, and 
the photovoltaic performance data are summarized in Table 3. As seen 
here, the AgNW based perovskite solar cell showed a Voc of 1.07 V, a Jsc 
of 19.95 mA cm− 2, an FF of 0.42, and a PCE of 7.09%, which is almost 7 
times that of the e-Ag based cell. Similar photovoltaic performance was 
obtained for the ITO based cell (Table 3), indicating that hole injection 
efficiency at the PTAA/MoO3/Al is comparable to the PTAA/ITO 
interface. It worth noting that both cells showed low FF around 0.40, 
which is owing to the high series resistance of the cell (Table 3). This can 
be ascribed to a non-ideal interface connection at the PC61BM/PEI/ 
AgNW interface. Further optimization of the cell structure is undergo-
ing. The EQE spectrum of Al/MoO3 based cell showed slightly lower 

quantum efficiency at 400–550 nm but higher quantum efficiency at 
650–800 nm than that of ITO based cell. When illuminated from AgNWs 
side, the lower EQE at short wavelength range of both ITO and Al based 
devices can be ascribed to the light absorption and reflection of the 
AgNW electrode. At long wavelength range, the higher EQE observed at 
Al based cell can be ascribed to the light reflection effect of Al electrode, 
confirming that using opaque Al electrode is helpful in achieving higher 
light unitization. 

Opaque metal act as bottom electrode has the advantage of reducing 
the production cost of perovskite solar cells. In the previous reports, Al 
has the risk to react with the mobile ions from halide perovskite which 
degrades the perovskite photovoltaics performance [67,68]. Therefore, 
introducing a dense functional layer between Al and perovskite which 
reduces the migration of metal ions is necessary. In order to further 
enhance the performance of this kind of perovskite solar cells, combined 
with the results provided in this report, we think further research could 
focus on the following two aspects: 1) Further improve the connection 
between metal bottom electrode and upper charge transport layer, 
minimum the interface energy barrier would be beneficial to enhance 

Fig. 6. (a) Device structure of perovskite solar cells based on Al bottom electrode with spray-coated AgNW as top electrode. (b) J-V curves and (c) EQE spectra of the 
best performance devices based on Al and ITO bottom electrodes, ITO bottom electrode device has been tested from both ITO and AgNW side. 

Table 3 
The photovoltaic properties of the best performance perovskite solar cells based 
on Al and ITO bottom electrodes.   

Voc 
(V) 

Jsc (mA 
cm− 2) 

FF PCE 
(%) 

Rs(Ω*cm2) Rsh(Ω*cm2) 

Al/MoO3 

(AgNW 
side) 

1.07 15.95 0.42 7.09 35.03 645.90 

ITO (ITO 
side) 

1.08 17.29 0.47 8.77 25.57 942.80 

ITO (AgNW 
side) 

1.09 16.46 0.44 7.88 35.78 796.89  
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the PCE of perovskite solar cells based on opaque metal bottom elec-
trode. 2) The opacity of the metal bottom electrode means that this kind 
of device should illuminated from top electrode side, thus high quality 
transparent conductive electrodes with high conductivity, transmittance 
as well as suitable preparation method should be investigated. 

4. Conclusions 

In summary, we have successfully fabricated perovskite solar cell on 
opaque Al bottom electrode. By inserting a thin MoO3 layer between Al 
and upper hole transport layer, the mismatched work function of the 
interfaces could be minimized, resulting in much enhanced hole injec-
tion and extraction efficiency. By using spray-coating silver nanowire 
networks as the transparent top electrode, an ITO free perovskite solar 
cell with a power conversion efficiency of 7.09% was achieved. This 
work has provided an implementation simplicity and cost-saving alter-
native to instead of traditional high-cost ITO electrode that further 
promotes the perovskite solar cell preparation cost reduction. 
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