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Abstract

The past five years have witnessed the significant breakthrough of perovskite solar cells (PSCs). High certificated
power conversion efficiency (PCE) of 22.1% was achieved in a short time after the inorganic-organic perovskite was
firstly used as the light absorber in the solar cells. It is believed that PSCs now become one of the most promising
photovoltaic in the new-generation solar cells, which may rival silicon based solar cells. In this article, simplified
planar perovskite solar cells without a hole-blocking layer were fabricated by a two-step spin-coating method, and the
highest PCE of 15.1% was achieved with an average PCE of 13.6%. Moreover, it is found that the hysteresis effect is
reduced in this kind of devices. The research on improved performance for the PSCs with simplified device
architecture is very important both for understanding the working mechanism of cells, and for fabricating low-cost
and high-performance PSCs to approach commercial applications.
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Fig. 1. The schemes of device architecture with (left) or without (right) TiO, based hole-blocking layer.
1. Introduction

Perovskite solar cells (PSCs) became one of the most attractive topic in new-generation solar cells over
the past 5 years. The power conversion efficiency (PCE) of PSCs has dramatically increased to the
certificated 22.1% at warp speed after firstly used as the light absorbers in solar cells [1,2]. It’s attributed
to the excellent optoelectronic properties of inorganic-organic perovskite, such as the intensive light
absorption in the whole visible spectrum, very long carrier diffusion length and suitable band structure [3-
5]. Generally, two different kinds of architectures are adopted for PSCs, the mesoporous device and the
planar device. The electron transport layer (hole-blocking layer) and hole transport layer are usually
employed in the device to achieve efficient charge transport, fast charge extraction and less
recombination, between which the perovskite was sandwiched [6]. The metal oxide materials are
commonly used as the electron transport layer and hole-blocking layer, among which TiO, is the most
wide-used and always chosen in the most high-efficiency devices [7,8]. However, it requires a very high
temperature sintering process (> 450 °C), which will severely increase the cost of the device and be
unfavorable for the flexible application [9]. For manufacturing purposes, the device with a simplified
architecture is a good choice.

Liu et al. firstly demonstrated an efficient planar perovskite solar cell without using any hole-blocking
layer by sequential deposition method, and the PCE of 13.5% was achieved, indicating that the hole-
blocking layer can be unnecessary for an efficient PSC [10]. Recently, more literatures proved this, in
which PSCs by different film-forming methods with such simplified architecture exhibit quite excellent
performance [9,11-15]. In this article, planar perovskite solar cells were fabricated without a hole-
blocking layer by two-step spin-coating method. (Fig. 1) By this method, a full-covered perovskite film
composed of interconnected crystals was obtained, resulting in the highest PCE of 15.1% and an average
PCE of 13.6%, which should be one of the most efficient for CH;NH;Pbl; based PSCs with simplified
architecture. Moreover, weak hysteresis effect was found in these devices. The research on improved
performance for the PSCs with simplified device structure is very important both for understanding the
working mechanism of cells, and for fabricating low-cost, high-performance PSCs to approach the
commercial applications.

2. Experimental section

Fluorine doped tin oxide (FTO) glass was cleaned via detergent, water, acetone, and ethanol under
ultrasonication for 10 min sequentially, and then treated with O, plasma for 20 min. For devices with
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hole-blocking layer, a compact TiO, layer on the FTO glass was prepared by spin-coating at 4,000 r.p.m.
for 30 s using 0.15 M of titanium diisopropoxide bis(acetylacetonate) (75 wt. % in isopropanol, Aldrich)
in I-butanol. After dried at 125 °C for 5 min, repeated with 0.3 M of titanium diisopropoxide
bis(acetylacetonate) solution, and baked at 500 °C for 15 min finally. Pbl, films were deposited on TiO,
or FTO directly (the simplified device) by spin-coating of 1M Pbl, (99.999%, Alfa Aesar) solution in
DMEF at 6000 r.p.m. After drying at 70 °C, 100 pL of a 10mg/mL solution of CH3NH;I in 2-propanol
(99%, Fisher) was load on Pbl, films for 30s, then spin coated at 4000 r.p.m for 30s. The resultant films
were annealed at 100 °C for 45 min. A solution of 2,2’,7,7 -tetrakis(N,N-di-p-methoxyphenylamine)-9,9°-
spirobifluorene (spiro-MeOTAD)/chlorobenzene (72.3 mg/mL) with 28.8 ulL 4-fert-butylpyridine, and
17.5 pL Li-TFSI/ acetonitrile (520 mg/mL) was spin-coated at 3000 r.p.m. for 60 s as the hole transport
materials. Finally, 80 nm Au was thermally evaporated under vacuum to act as the electrode.

Photovoltaic performances were recorded by Keithley 2611 source meter under simulated sunlight
from Oriel 300 solar simulator. The absorption spectrum was measured with UV-visible
spectrophotometer (Agilent 8453). The morphology was obtained by scanning electron microscope (SEM)
(HITACHI 4300). The incident photon to current conversion efficiency (IPCE) was measured by using a
lock-in amplifier coupled with a monochromator and 500 W xenon lamp (Crowntech, Qtest Station 2000).
Both the systems were calibrated against a certified reference solar cell. All the measurements of the solar
cells were performed at room temperature under ambient atmosphere without encapsulation.

3. Results and discussion

The scanning electron microscope (SEM) images were used to observe the morphology of the
CH;NH;PbI; crystals. As shown in Fig. 2, perovskite crystals on different substrates exhibit uniform
grain size of round 300 nm simultaneously. They form a textured and dense film with full coverage in the
absence of pinholes. No exposure of the FTO substrate is found, which will shrink the carrier
recombination caused by the direct contact of the FTO and the hole transport material spiro-MeOTAD
[16,17]. Furthermore, it can be observed that the crystals are interconnecting without clear boundaries
rather than stacking individually. The X-ray diffraction results confirm the complete conversion from
Pbl, to CH3;NH;PbI;, and its tetragonal (I4/mcm) symmetry.
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Fig. 2. (a) The top-view SEM image of perovskite crystals on FTO substrate; (b) The photovoltaic parameters of perovskite solar
cells with and without a hole-blocking layer. Each parameter comes from the average of a set of at least 15 individual devices.
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Table 1. The average and best performance of perovskite solar cells with and without a hole-blocking layer. Each data point
represents the average of a set of at least 15 individual devices.

Device Ve (V) Ji. (mA cm’™) FF PCE (%)
Average 1.02 20.4 0.66 13.5
FTO/TiO,/PVK/HTL/Au
Best 1.06 21.2 0.68 15.3
Average 1.04 20.7 0.63 13.6
FTO/PVK/HTL/Au
Best 1.07 20.4 0.69 15.1

Spiro-MeOTAD and Au were deposited on the perovskite film to fabricate the full planar devices
sequentially. As a comparison, standard devices containing widely used compact TiO, as the hole
blocking layer were also fabricated. J-V curves was measured at reverse scan under air mass AM 1.5G
one sun illumination at 100 mW cm”. The photovoltaic parameters of these two kinds of devices were
shown in Fig. 2b and listed in Table 1. The average PCE of the devices with standard architecture
reached 13.5%, with an average short-circuit current (Ji) of 20.4 mA cm™, an average open circuit
voltage (V) of 1.02 V and an average fill factor (FF) of 0.66. By adopting the simplified architecture, an
average PCE of 13.6% with an average J. of 20.7 mA cm'2, an average V. of 1.04 V and an average FF
of 0.63 is achieved. Above these photovoltaic parameters, the average J. and V. of simplified devices are
slightly higher than those of standard devices, indicating more photocurrent generation and less carrier
recombination [18]. It can be attributed to the high-quality polycrystalline perovskite layer fabricated by
two-step spin-coating method. But the standard devices show a higher FF than simplified device,
demonstrating a smaller serious resistance [18,19]. It might be ascribed to the slightly enhanced interface
resistance for simplified devices lacking of an interface layer. Therefore, both kinds of devices exhibit
comparable PCE. Moreover, the highest PCE of hole-blocking layer-free PSCs exceeds 15%, with a high
Voo of 1.07 V for CH3;NH;3PbI; based devices. These results verify the feasibility that a planar PSC can
work efficiently without a hole-blocking layer if the high-quality perovskite layer can be deposited.

It should be mentioned that unfavorable hysteresis effect is quite weak for the hole-blocking layer-free
devices compared to TiO, based standard planar devices according to the literatures [20,21]. The
deviations of the resultant photovoltaic parameters measured at forward scan and reverse scan are less
than 8% for simplified planar PSCs. The integrated J, calculated from the incident photon to current
conversion efficiency (IPCE) are well matched with the J. from J-V curves. The reasons and mechanisms
of reduced hysteresis effect should be further investigated by different characterization methods.

4. Conclusions

An efficient planar perovskite solar cell with simplified architecture was fabricated without hole-
blocking layer. Very dense films composed of interconnected perovskite crystals were successfully
deposited on the FTO by two-step spin-coating method. The corresponding photovoltaic devices reached
a highest power conversion efficiency of 15.1%, which is one of the most efficient CH;NH;Pbl; based
simplified devices to our knowledge. Hole-blocking layer-free planar perovskite solar cells with improved
performance is very essential for low-temperature manufactures and plastic applications of perovskite
solar cells.
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