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Abstract. In the last few years, perovskite solar cells have attracted enormous interest in the pho-
tovoltaic community due to their low cost of materials, tunable band gap, excellent photovoltaic
properties and easy process ability at low temperature. In this work, we fabricated hole-conductor-
free carbon-based perovskite solar cells with the monolithic structure: glass/FTO/bl-TiOy/(mp-
TiO/mp-ZrOy/mp-carbon) perovskite. The mixed 2D/3D perovskite precursor solution composed
of Pbl,, methylammonium iodide (MAI), and 5-ammoniumvaleric acid iodide (5-AVAI) was drop-
casted through triple mesoporous TiO»/ZrOy/carbon electrode films. We found that the isopropyl
alcohol (IPA) solvent vapor annealing strongly influenced on the growth of mixed 2D/3D per-
ovskite on triple mesoscopic layers. It resulted in the better pore filling, better crystalline quality
of perovskite layer, thus the improved stability and efficiency of perovskite solar cell was attributed
to lower defect concentration and reduced recombination.

Keywords: perovskite solar cells; monolithic; hole-conductor-free; mixed 2D/3D perovskite; sol-
vent vapor annealing.
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I. INTRODUCTION

Solar energy is considered as the largest renewable energy source and may be harnessed
for electricity generation using photovoltaic cells. Until now, silicon solar cells are still the most
common commercial products used to convert solar energy into electricity. However, the cost of
silicon solar cells is still high due to its sophisticated manufacturing technology. Low cost solar
cells such as dye sensitized solar cells (DSSCs) [1,2], organic solar cells (OSCs) [3], quantum dots
solar cells (QDSCs) [4,5], perovskite solar cells (PSCs) [6] are showing great potential for replac-
ing silicon solar cells. Among these cells, perovskite solar cells (PSCs) have recently emerged as a
rising photovoltaic technology due to their outstanding optoelectronic properties cost effective and
low-temperature solution-processable fabrication techniques [7]. The rapid increase in their power
conversion efficiency (PCE) from 3.8% to 25.2% in only a few years has made perovskite solar
cells becoming an attractive field of study for the scientific community [8—10]. Although the im-
pressive power conversion efficiencies have been achieved with small-area laboratory-scale cells,
perovskite solar cells still remain challenges from the scalability and long-term operational insta-
bility [11]. Moreover, using the organic hole transport materials (HTMs) and rare metals as back
contact, such as gold and silver, may limit large-scale perovskite solar cell production due to their
expensive materials and complicated fabrication procedure [12]. A promising way to solve the
above problems of PSCs is replacing carbon-based electrodes for HTMs and Au electrodes [13].
The advantages of carbon-based perovskite solar cells without HTMs are cost effective, stable and
suitable for large-scale commercialization [13, 14]. There are mainly two types of device config-
urations in carbon-based perovskite solar cells including: the conventional structure fabricated by
a layer-by-layer process and the monolithic structure featured by the loading of perovskite in the
last step [14, 15]. Among these carbon-based PSCs, the monolithic structure provides a simpli-
fied fabrication process to solar cell modules [16]. In this work, we fabricated hole-conductor-
free carbon-based perovskite solar cells with the monolithic structure of glass/FTO/bl-TiO,/(mp-
TiO2/mp-ZrO,/mp-carbon)perovskite. A one-step infiltration process with the mixed 2D/3D per-
ovskite precursor solution of Pbl,, methylammonium iodide (MAI), and 5-ammoniumvaleric acid
iodide (5-AVAI) through triple mesoporous TiO,/ZrO,/carbon electrode films was investigated.
The isopropyl alcohol (IPA) solvent vapor annealing method was used to improve device perfor-
mance of those hole-conductor-free carbon-based perovskite solar cells. This specific strategy for
achieving enhanced-performance and stable perovskite solar cells will be discussed with an aim
to develop the promising technology for commercialization.

II. EXPERIMENT

Fabrication of mixed 2D/3D perovskite precursor solution: lead iodide (Pbl,), methy-
lammonium iodide (MAI), 5-ammoniumvaleric acid iodide (5-AVAI) with 3 % of molar ratio
between 5-AVAI and MAI were mixed thoroughly and dissolved in 2 ml gamma-butyrolactone
(GBL) solvent to obtain the mixed 2D/3D (5-AVA),(MA);_,Pbl; perovskite precursor solution.

Device fabrication: In this work, we prepared the monolithic hole-conductor-free
perovskite solar cell with device configuration of glass/FTO/bl-TiOy/(mp-TiOy/mp-ZrO,/
mp-carbon)/perovskite Firstly, the FTO glass substrates were chemically etched by solution HCI
2M and Zn powder to obtain the designed electrode. They were ultrasonically cleaned by ethanol,
acetone, deionized water and then dried at 110°C. A blocking titania paste was screen-printed onto
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Fig. 1. Schematic illustrations of the experimental setup for the conventional thermal
annealing (a) and the solvent vapor annealing using a petri dish (b).

the cleaned FTO substrate by using a 120 polyester mesh screen and then annealed in air condition
at 450°C for an hour to obtain an ultra-thin, dense and pinhole-free TiO; blocking layer (bl-TiO,)
Then, a scafffolding titania paste containing TiO,anatase nanoparticles (average diameter ~ 18
nm) was spread on the bl-TiO; layer using the screen printing method with a 80 polyester mesh
screen and annealed at 500°C for 30 minutes to produce a mesoporous TiO; layer (mp-TiO;). The
same technique was applied for ZrO, nanoparticle paste to obtain a mesoporous ZrO, layer (mp-
ZrO;). The mp-ZrO, film serves as a spacer layer to avoid any direct contact between the mp-TiO,
film and mp-carbon film. To prepare carbon paste, 9 g of graphite powder, 3 g of carbon black, 1.2
g of poly-vinyl-difluoride (PVdF 6020 Solvay Solef) and 18 g terpineol were mixed thoroughly in
a mortar. Then absolute ethanol was gradually added to the mixture while continuously magnetic
stirring until a smooth slurry of carbon paste was obtained. Carbon paste was doctor-bladed on
the top mp-ZrOslayer and consequently sintered at 400°C for 30 minutes to complete a meso-
porous carbon counter electrode layer. The active area of the cell was 1.2 cm?. To complete the
device, the (5-AVA),(MA);_,Pbls perovskite precursor solution was dropped on the top of the
carbon electrode to infiltrate through the triple mesoporous layer (mp-TiO,/mp-ZrO,/mp-carbon)
for 20 minutes Then, the device A was heated on the hot plate at 50°C for 4 hours in ambient
air for the conventional thermal annealing method (TA) in route A. For the device B treated with
the solvent vapor annealing method (SA) in route B, isopropyl alcohol (IPA) was dropped and
covered with a Petri dish to form the IPA vapor atmosphere. The processing scheme illustrated the
experimental setup for the conventional thermal annealing and the solvent vapor annealing using a
petri dish as shown in Fig. 1. Finally, our encapsulated devices were sealed together with thermal
melt polymer film (Meltonix 1170-60, 60um thick) and covered on top with glass substrate by
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using hot-pressing machine at 120°C for 5 minutes. All the above processing procedures were
completed in ambient air condition.

Materials and device characterization: The morphology of samples was studied by using
a Hitachi S-4800 field emission scanning electron microscopy (FE-SEM). The crystalline charac-
terization was identified by a Bruker D§-Advance X-ray diffractometer (CuKo as radiation source,
A=1.5406 A). The absorption spectra were performed by using a Shimadzu 2600 UV-Vis-NIR
spectrometer. Photocurrent density-voltage (J-V) curves were recorded by a Keithley 2400 source
under AM1.5G simulated solar illumination with light intensity of one sun (100 mW/cm?) by
Newport Oriel ®Sol1 ATMModel 94021A solar simulator.

III. RESULTS AND DISCUSSION

The FE-SEM images in Fig. 2 show the cross-sectional structure of monolithic hole-
conductor-free perovskite solar cells. As can be seen in Fig. 2 a and b, the unfilled perovskite

mp-
s‘- Carbon

Fig. 2. Cross-sectional FESEM images of monolithic hole-conductor-free perovskite solar
cell: the unfilled perovskite device with the structure of glass/FTO/bl-TiO2/mp-TiO,/mp-
ZrOy/mp-carbon electrode at two different resolutions (a,b) and the filled perovskite de-
vices with the structure of glass/FTO/bl-TiO,/(mp-TiO,/mp-ZrO,/mp-carbon)/perovskite af-
ter conventional thermal treatment (c) and solvent annealing treatment (d).
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device displays the layered structure of glass/FTO/bl-TiO,/mp-TiO,/mp-ZrO,/mp-carbon elec-
trode. The thickness of each layer was about 50 nm of bl-TiO,, 600 nm of mp-TiO,, 750 nm of
mp-ZrO, and 18 um of mp-carbon, correspondingly. The loading content of the mixed 2D/3D
perovskite in TiO,/ZrO; scaffold layers using conventional thermal annealing treatment (route A)
and solvent annealing treatment (route B) can be seen in the cross-sectional FE-SEM images of
devices, as shown in Fig. 2 ¢ and d. From the morphological observation, the device A treated
with conventional thermal annealing remains some non-infiltrated mesopores (pin-holes). While
the device B treated with solvent annealing showed better pores filling and homogenous perovskite
film morphology loading on the mesopores of the TiO, and ZrO, scaffold. It is found that the sol-
vent annealing treatment results in the better morphology related to characteristics of nucleation
and growth process [17, 18].

As shown in Fig. 3, X-ray diffraction (XRD) measurements were taken to identify
the crystal structure of the 2D/3D mixed (5-AVA),(MA);_,Pblsperovskites coated on substrate
glass/FTO/bl-TiO,/mp-TiO>/mp-ZrO, using the conventional thermal annealing treatment (TA)
and the solvent vapor annealing treatment (SA). The XRD patterns of both samples exhibited
strong diffraction peaks of (110), (220) and (310) and some minor peaks of (112), (111), (202),
(224), and (314). It is noted that the intensity of the (110), (220) and (310) peaks of the sol-
vent annealing treated perovskite film were higher than the same peaks of the thermal annealing
treated perovskite film. The obtained results indicated that perovskite crystallinity and preferred
orientation can be increased by solvent vapor annealing treatment.
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Fig. 3. XRD patterns of (5-AVA),(MA);_,Pbl; perovskite films coated on substrate
glass/FTO/bl-TiO,/mp-TiO,/mp-ZrO; with the conventional thermal annealing treatment
(a) and the solvent vapor annealing treatment (b).

The optical properties of 2D/3D mixed (5-AVA),(MA);_,Pbls perovskites prepared using
thermal annealing (TA) and solvent vapor annealing (SA) were investigated by the
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UV-Vis spectroscopy. The results shown in Fig. 4 indicated that both the TA and SA treated
(5-AVA),(MA)_,Pbl; perovskites exhibited excellent light-harvesting capabilities in the broad
spectral range from the ultraviolet to visible light. We observed similar absorption for both sam-
ples and clear band edge cutoffs at 776 nm. However, the SA sample show a slight increase in
UV-vis absorbance and sharper band edge, which is consistent with higher levels of crystallinity
and fewer defect concentration. These results supported that 2D/3D mixed (5-AVA),(MA)_,Pbl3
perovskite can be used as an efficient light-harvester for photovoltaic (PV) applications.

—TA
S Y X

=

L)

[}

Qo

c

3]

Q

P

[}

[

o

<

T v T 7 T T T T T
400 500 600 700 800

Wavelength (nm)

Fig. 4. UV-vis absorption spectra of the mixed (5-AVA),(MA);_,Pbl; perovskites
treated by thermal annealing (TA) and solvent vapor annealing (SA) on mp-TiO,/bl-
TiO,/FTO/glass substrates.

Figure 5 illustrates the schematic drawing of the cross-sectional device architecture (a) and
the energy band diagram of the mesoscopic triple-layer perovskite solar cell with the structure
of glass/FTO/bl-TiO»/(mp-TiO,/mp-ZrO,>/mp-carbon)/perovskite. The J-V characteristic of the
monolithic hole-conductor-free perovskite solar cell using mixed 2D/3D perovskite prepared by
thermal annealing (TA) and solvent vapor annealing (SA) were measured as shown in Fig. 6. The
photovoltaic parameters of these perovskite solar cells are displayed in Table 1. In our experi-
ment, the best device using mixed 2D/3D perovskite prepared by solvent vapor annealing (SA)
was achieved with the following photovoltaic parameters: the open-circuit voltage (V,.) 1.04 V,
the short-circuit current density (Jy) 12.54 mA/cm?, the fill factor (FF) 0.59, and the power con-
version efficiency (PCE) 7.69%. The J —V curve of SA-device shows that solvent vapor annealing
treatment significantly improved the device performance From the above analysis, the solvent va-
por annealing treatment resulted in perovskite crystallization with larger grain size, better film
coverage grown through mesoscopic triple-layers. It has been widely reported that perovskite thin
film morphology and perovskite crystal quality strongly influence on photovoltaic performance
of the perovskite solar cells [19-21]. Therefore, the optic-electrical properties of the monolithic



USING SOLVENT VAPOR ANNEALING FOR THE ENHANCEMENT OF THE STABILITY AND EFFICIENCY ... 139

hole-conductor-free perovskite solar cells could be enhanced due to the solvent vapor annealing
treatment. Moreover, the good long-term stability of the SA-based perovskite solar cell was ob-
served as seen in Fig. 7. It was attributed to lower defect concentration and reduced recombination
due to the enhanced film morphology of the monolithic hole-conductor-free perovskite solar cell
prepared by solvent vapor annealing (SA-device) [22-24]. Our results are in agreement with pre-
vious studies reporting that suitable material processing plays an important role for the stability
and crystallization of perovskite films [6,25].

(a) -y

mixed (5-AVA),(MA), Pbl, perovskite

Carbon -

Zr02 -

mp-TiO;

1
FTO

Glass |

D Compact TiO, . MesoporousTiO, n Zr0, . Carbon . Perovskite

Fig. 5. Device architecture (a) and energy band diagram (b) of monolithic hole-
conductor-free perovskite solar cell.
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Fig. 6. J-V curves of monolithic hole-conductor-free carbon-based perovskite solar cells
prepared using thermal annealing (TA) and solvent vapor annealing (SA).
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Table 1. Photovoltaic parameters of the monolithic hole-conductor-free perovskite solar
cell prepared by conventional thermal annealing (TA) and solvent vapor annealing (SA).

Device samples  V,. (V) J, (mA/cm?) FF PCE (%)

TA 0.79 7.88 0.51 317
SA 104 12.54 0.59 769
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Fig. 7. Long-term stability of the encapsulated monolithic hole-conductor-free carbon-
based perovskite solar cells (SA and TA) measured under AM1.5G simulated solar illu-
mination in air.

IV. CONCLUSIONS

We successfully fabricated the hole-conductor-free carbon-based perovskite solar cell with
the monolithic structure of glass/FTO/bl-TiO,/(mp-TiO,/mp-ZrO,/mp-carbon) perovskite under
ambient air condition. The crystallization and properties of the 2D/3D mixed (5-AVA),(MA);_,Pbls
perovskite growing through triple mesoporous TiO,/ZrO;/carbon electrode films via thermal an-
nealing (TA) and solvent vapor annealing (SA) were investigated. It was found that the isopropyl
alcohol (IPA) solvent vapor annealing treatment could improve perovskite crystallinity, better
pores filling and homogenous perovskite film morphology. Therefore, the isopropyl alcohol (IPA)
solvent vapor annealing treatment could be applied to increase stability and efficiency of those
hole-conductor-free carbon-based perovskite solar cells As a result, the best device using mixed
2D/3D perovskite prepared by solvent vapor annealing (SA) was achieved with the following pho-
tovoltaic parameters: V,. = 1.04 V, J;. = 12.54 mA/cm?, FF = 0.59, and PCE = 7.69%. This pave
the way for enhancing the stable and low-cost photovoltaic application.
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