Chemical Engineering Journal 405 (2021) 126992

ELSEVIER

Contents lists available at ScienceDirect
Chemical Engineering Journal

journal homepage: www.elsevier.com/locate/cej

Chemical
Engineering
.. Journal

Check for

Enhanced efficiency and stability of quasi-2D/3D perovskite solar cells by &

thermal assisted blade coating method

Kun-Mu Lee »>%%"! Shun-Hsiang Chan*"', Min-Yao Hou ", Wei-Cheng Chu”,
Shih-Hsuan Chen?, Sheng-Min Yu ¢, Ming-Chung Wu *> %"

& Department of Chemical and Materials Engineering, Chang Gung University, Taoyuan 33302, Taiwan

Y Green Technology Research Center, Chang Gung University, Taoyuan 33302, Taiwan

¢ Division of Neonatology, Department of Pediatrics, Chang Gung Memorial Hospital, Linkou, Taoyuan 33305, Taiwan
d Center for Reliability Sciences and Technologies, Chang Gung University, Taoyuan 33302, Taiwan
¢ Material and Chemical Research Laboratory, Industrial Technology Research Institute, Hsinchu 31040, Taiwan

ARTICLE INFO ABSTRACT

Keywords:

Perovskite solar cells

Blade coating
Two-dimensional perovskite
Stability

In recent years, organometal halide perovskite solar cells (PSCs) have been developed rapidly. To promote
commercialization, certain critical issues have to be resolved, for instance, the lack of stability while exposing to
moisture, heat, and light. One of the solutions to improve stability is the lower dimension perovskite structure.
The high stability of the two-dimensional (2D) perovskite structure can be ascribed to its long-chain organic
molecules. In this study, the thermal assisted blade coating method was used to prepare high-quality and pinhole-

free perovskite film. We prepared 2D perovskite solutions and fabricated quasi-2D/3D perovskite films with
various 2D perovskite solution concentrations. Moreover, we conducted temperature-dependent PL spectra to
estimate the exciton binding energies of quasi-2D/3D perovskite film. Finally, our PSC device achieved a power
conversion efficiency of 20.26% and possessed long-term ambient stability.

1. Introduction

Organometal halide perovskite solar cells (PSCs) have resulted in
enormous interest in the new generation of photovoltaic technologies
due to their excellent power conversion efficiency (PCE), long electron-
hole diffusion length [1], and solution processability [2]. Recently,
many scientists have devoted themselves to the research of PSCs and
obtained PCE higher than 25% [3]. The typical structure of three-
dimensional (3D) perovskite is represented by ABXj3 structure, where
A is a monovalent cation, B is a divalent metal cation, and X is a halide
anion [4,5]. Currently, many studies on PSCs have used 3D perovskite as
the active layer [6-10]. Although their outstanding photovoltaic per-
formance is a significant advantage, moisture [11,12], oxygen [13],
ultraviolet irradiation [14], and heat [15,16] affect the endurance and
stability of 3D perovskite materials.

For two-dimensional (2D) perovskite materials, it is far more stable
compared to 3D perovskite materials [17,18]. 2D Ruddlesden-Popper
perovskite is recognized as the most promising candidate for perov-
skite material because of its better material stability. 2D Ruddlesden-

Popper perovskite has a generic chemical formula of MsAp.1BX3n41-
Other than the above mentioned A, B, and X, M is a large-sized cation,
and n is the number of 3D inorganic layers separating the organic layers.
Smith et al reported (PEA)o(MA),Pbslig (PEA = CgHs(CH2)2NHY) as
perovskite active layer, and achieved an open-circuit voltage (Vo) of
1.18V with high stability [19]. Cao et al. fabricated (BA)y(MA),.
1Pbulsn, 1 (BA = CH3(CH,)3NH3) as light absorber for PSCs [20]. The
PSC with (BA)>(MA),Pbsl; g absorber exhibited a PCE of 4.02%. Besides,
they found that as the n value increases, the bandgap of 2D perovskite
decreases.

Recently, 2D/3D PSCs have become the most investigated material
owing to its high PCE and excellent stability. Kim et al. deposited the
benzyl ammonium iodide on top of the 3D perovskite active layer. The
trap of 3D perovskite was passivated by 2D perovskite, and the 2D/3D
PSC showed a high PCE of 20.79% [21]. Lin et al. reported a fabrication
method for 2D/3D perovskite by n-Butylammonium iodide (BAI) treat-
ment. The BA and BAI treatment could enhance the performance of
devices due to the reduction of defect density and the suppression of ion
migration [22].
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Fig. 1. The top-view surface morphologies of quasi-2D/3D perovskite films with various 2D perovskite solution concentrations, including (a) 0.0, (b) 0.5, (c) 1.0, (d)

1.5, (e) 2.0, and (f) 2.5% v/v.

Furthermore, most of the current reports for PSCs have used spin
coating method to prepare perovskite film [23,24]. However, the spin
coating method is only suitable for the preparation of small area devices,
and this method causes material waste [8,25]. Many other methods have
also been proposed for preparing uniform and continuous perovskite
films, such as slot die [26], doctor blade [27,28], inkjet printing [29],
and spray coating [30]. Among these deposition methods, the doctor
blade method is promising because blade coating is a scalable, simple,
cost-effective, and low-temperature deposition technique. The substrate
temperature, precursor concentration, blade-substrate gap, and coating
speed are the variable parameters for doctor blade coating method [31].
Different from spin coating, the doctor blade method can control the
solvent evaporation rate for larger crystal growth. Bi et al. fabricated a
highly crystalline perovskite film using one-step doctor blade method,
and the PSC showed a PCE of 18.0% [32].

In this study, we reported a quasi-2D/3D perovskite using BA and the
3D perovskite (CH3NH3Pblg). We chose the thermal assisted blade
coating method to fabricate the perovskite film. As a result, the incor-
poration of the quasi-2D perovskite in the 3D perovskite can enhance the
moisture resistance and thermal stability of the quasi-2D/3D perovskite
film. At the optimal 1.0% v/v 2D perovskite solution introduction, the
PCE of the quasi-2D/3D PSC was enhanced from 18.24 to 19.74%, and
the champion cell exhibited a PCE of 20.26% with increased long-term
stability.

2. Experimental section
2.1. Preparation of materials

All chemicals are analytical grade products purchased from com-
mercial sources. For the precursor solution of dense TiOg, 2.0 mL of ti-
tanium diisopropoxide bis(acetylacetonate) was dissolved in 78.0 mL of
ethanol (CH3CHOH, >99.8%, Sigma-Aldrich). The synthesis of TiOg
paste is based on our previous study [33]. 25.0 g of titanium isoprop-
oxide (Ti(OCH(CH3)2)4, >97%, Sigma-Aldrich) was dissolved in
10.0 mL of 2-propanol ((CH3);CHOH, IPA, >99.8%, STAREK) while
stirring. 180.0 mL of 3.5M acetic acid (CH3COOH, >99.7%, Sigma-
Aldrich) was dropped into titanium precursor solution, cooled in ice
bath for 12 h and then heated at 80 °C for 8 h. The resulting solution was
transferred into an autoclave at 170°C for 6h to obtain TiOy nano-
particles. 23.0 wt% of TiO nanoparticles were diluted with a-terpineol
(C10H180, 90%, Merck) and ethyl cellulose (ethoxyl content 48%, 22

cps, Acros). The 3D perovskite solution of 1.5 M CH3NH3l3 (MAI, >98%,
FrontMaterials) and 1.5 M lead iodide (Pbl,, 99.9985%, Alfa Aesar) in a
mixed solvent of DMSO (99.9%, ECHO)/GBL (>99%, Acros) (90/10v/
v) was prepared. On the other hand, the 2D perovskite (BAyPbly) solu-
tion of 1.25M Pbl, and 2.5M CHs(CH)sNH;I (BAIL 98%, Dyesol) in
DMSO/GBL (90/10 v/v) were formed after 12 h of continuous stirring.
For preparation of quasi-2D/3D perovskite solution, 2D perovskite so-
lution was added in 3D perovskite solution with various volume ratios of
0.5, 1.0, 1.5, 2.0, and 2.5%. The preparation of hole transport material
(HTM, spiro-OMeTAD) is based on previous work [34].

3. Fabrication of the quasi-2D/3D perovskite solar cells

The FTO glass substrate (10 cm x 10 cm, 7 Q/square, Ruilong) was
ultrasonically cleaned with DI water, acetone, IPA, and finally followed
by 10 min of UV-ozone treatment. Then, the dense TiO, was deposited
on the FTO glass substrate at 450 °C using the spray pyrolysis method.
After that, the dilute TiO4 paste was on top of the dense TiO; using the
screen printing method, and followed by 30 min of calcination at 500 °C
to form mesoporous TiOy (mp-TiO-) layer. For the fabrication of quasi-
2D/3D perovskite layer, a 2.5cm x 5.0 cm FTO/dense TiO2/mp-TiOy
was preheated to 130 °C. A 30.0 pL of quasi-2D/3D perovskite solution
was dropped on the top of mp-TiO, layer under ambient atmosphere
(30-40%RH). Then, at 130 °C, the metal blade (Zehntner, ZUA 2000)
scraped excess solution for 3 min at a coating speed of 3.0 cm/s and a
blade gap of 300 pm [35]. The photographs of perovskite film with area
of 2.5cm x 5.0 cm is shown in Fig. Sla. Moreover, the thermal assisted
blade coating method could also easily fabricate the large-area perov-
skite film (10.0 cm x 10.0 cm) (Fig. S1b). The HTM solution was spin-
coated on the quasi-2D/3D perovskite layer at 2000 rpm for 30s. A
100 nm think silver electrode was deposited on the HTM using thermal
evaporation with a 0.16 cm? of metal mask.

3.1. Characterizations

Field-emission scanning electron microscope (FE-SEM, su8010,
HITACHI) was used to observe the surface morphology of various quasi-
2D/3D perovskite films. XRD analysis was obtained using an X-ray
diffractometer (D2 phaser, Bruker). Synchrotron-based glazing-inci-
dence wide-angle X-ray scattering (GIWAXS) measurement was recor-
ded by synchrotron X-ray spectroscopy (. ~ 1.0256 A) at BL-13A1 of the
National Synchrotron Radiation Research Center (NSRRC) in Hsinchu,
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‘ 1000 nm

Fig. 2. The AFM images of quasi-2D/3D perovskite films with various 2D perovskite solution concentrations, including (a) 0.0, (b) 0.5, (c) 1.0, (d) 1.5, (e) 2.0, and (f)

2.5% v/v.

Taiwan. UV-vis spectrometer (V-730, Jasco) was used to measure the
optical properties. The valence band and the work function of various
perovskite films were obtained by the photoelectron spectroscopy (UPS,
Sigma Probe, Thermo VG-Scientific) with a UV source (He I
0 ~ 21.2eV). The photoluminescence (PL) spectra and time-resolved PL
spectra were recorded with a 532nm diode laser (LDH-D-TA-530,
PicoQuant). The temperature-dependent PL spectra were recorded using
Linkam THMS600 stage. The TRPL plots were recorded by a time-
correlated single-photon counting (TCSPC) (TimeHarp 260, Pico-
Quant) spectrometer. The contact angles of various perovskite films
were evaluated by contact angle goniometer (100SB, Sindatek In-
struments Co. Ltd). Current-voltage (J-V) characteristics of various
quasi-2D/3D PSCs were investigated with a Keithley 2400 digital source

(b)

-
(200)

(110)

(d)

meter under AM 1.5G simulated solar illumination (100 mW/cmz, YCSS-
50, Yamashita). The light source was calibrated with a silicon reference
cell (BS-520B, Bunkokeiki K) with KG-5 filter. The voltage scan rate was
fixed at 50 mV s~ *. The external quantum efficiency (EQE) spectra were
recorded from 300 to 900 nm by IPCE spectrometer (EQE-R-3011, Enli
Technology Co. Ltd).

4. Results and discussion

The surface morphologies of various quasi-2D/3D perovskite films
coated on FTO substrate/TiO, were observed (Fig. 1a—f). Some pinholes
appeared on the surface of 3D perovskite film (Fig. 1a). The quasi-2D/3D
perovskite films showed a very uniform surface morphology, without

1500

Tntensity

Fig. 3. 2D GIWAXS patterns of quasi-2D/3D perovskite films with various 2D perovskite solution concentrations, including (a) 0.0, (b) 0.5, (c) 1.0, (d) 1.5, (e) 2.0,

and (f) 2.5% v/v.
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Fig. 4. (a) UV-vis absorption spectra, (b) Tauc plots (inset: bandgap plots), and (c, d) UPS spectra of quasi-2D/3D perovskite films with various 2D perovskite
solution concentrations. (e) The schematic energy level diagram of various quasi-2D/3D perovskite from UPS and UV-vis absorption measurements.

evident pinholes and voids appearing on the surfaces (Fig. 1b—f). These
results revealed that a uniform film could be effectively-prepared using
the thermal assisted blade coating method. The pinhole-free perovskite
film can effectively help electron and hole transport. Besides, from the
SEM images of the quasi-2D/3D perovskite films (Fig. 1b-f), the grain
boundaries of spherulites can be observed. The preparations of spheru-
lite films by blade coating [32], slot die [36], and spin-coating method
[37,38] have been reported. The rapid volatilization of the solvent at
high temperature during the crystallization process of the perovskite
film is key to the formation of spherulites. Large-sized spherulites could
effectively improve the photovoltaic performance of PSCs [32]. For the
growth mechanism of spherulites, the primary nucleus grows in all di-
rections to form the radial crystallites. The radial crystallites continue to
grow outward until they touch adjacent crystals. The sizes and shapes of
spherulites depend on an interaction between crystal nuclei, including
the crystal growth velocity, solvent evaporation rate, etc. [32]. In order
to explore the surface topography of the spherulite further, we used AFM
to observe the quasi-2D/3D perovskite films. From Fig. 2b and c, the
topography images of the quasi-2D/3D perovskite films show the dense
and continuous film, which indicates the small amount of 2D perovskite
solution (<1.0% v/v) can improve surface morphology. Furthermore,
the 2D perovskite may exist at the grain boundaries of the 3D perovskite
[39]. It is worth noting that when the 2D perovskite solution concen-
tration reached higher than 1.5% v/v, the smaller spherulites appeared

on the surface of the perovskite films (Fig. 2d-f). It meant that the
excessive formation of quasi-2D perovskite at the grain boundary
limited the growth of spherulites. Moreover, we analyzed the root-mean-
square roughness (Rq) and found that the Rq decreased from 137.9 to
126.5 nm, when the 2D perovskite solution concentration was increased
to 1.0% v/v. However, when the 2D perovskite solution concentration
continued to increase from 1.0 to 2.5% v/v, the Rq increased from 126.5
to 268.8 nm. This indicated that the formation of excessive spherulites
increases the roughness of the perovskite film.

To reveal the crystal structure of the quasi-2D/3D perovskite films,
we conducted GIWAXS measurements. As we know, incorporating the
large-sized cations into the 3D perovskite can control their crystal
preferred orientation along the direction of either parallel or vertical to
the surface of the substrate [40]. Fig. 3a demonstrates the 2D scattering
pattern of 3D perovskite film. The 3D perovskite film showed the
preferred orientation of (220) and (110) planes at 32° and 148°. This
result was different from preparation using the spin coating method
[41]. At the same time, this also showed that the orientation of the
crystal formation remarkably correlates with the preparation process.
The perovskite films were annealed at 130 °C, allowing rapid crystal
formation. This processing temperature could produce large and terse
spherulitic domains of perovskite [42]. Particularly, with increasing
concentration of 2D perovskite, the crystallinity of the (220) and (110)
planes became more oriented along the q, direction (Fig. 3b-f),
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Fig. 5. (a) J-V curves of quasi-2D/3D PSCs with various 2D perovskite solution concentrations. (b) PCE distribution, (c) EQE spectrum, and (d) J-t curve of PSC with

1.0% v/v 2D perovskite solution.

indicating that crystal orientations were changed due to quasi-2D
perovskite addition [43]. Besides, the corresponding 1D XRD patterns
of these samples also exhibited significant (220) and (110) peak in-
tensity changes (Fig. S2). We further used the schematic diagram to
illustrate the perovskite crystal orientation with increasing the solution
concentration of 2D perovskite (Fig. S3). The 3D perovskite film without
quasi-2D perovskite appeared to have some defects/pinholes on the
surface. Adding an appropriate amount of quasi-2D perovskite could
effectively improve the surface morphology and reduce the defects of
the perovskite film, leading to the enhancement of the photovoltaic
performance of the device. Although adding more quasi-2D perovskite
resulted in a more uniform crystal preferred orientation, excessive quasi-
2D perovskite limited the growth of spherulites and more grain
boundaries hindered the charge transport.

Fig. 4a exhibits the blue-shift of absorption spectra after adding 2D
perovskite solution to the perovskite films. Fig. 4b demonstrates the
Tauc plots of the perovskite films with and without the added 2D
perovskite solution. The energy bandgaps of the quasi-2D/3D perovskite
films are calculated from the Tauc plots. The decreasing energy
bandgaps with increasing 2D perovskite solution concentrations were
found to be 1.587, 1.592, 1.598, 1.601, 1.606, and 1.608 eV for 0.0, 0.5,
1.0, 1.5, 2.0, and 2.5% v/v, respectively. According to some literature,
the bandgap of BA,Pbl, is about 2.34 eV [44]. Therefore, the bandgap of
the quasi-2D/3D perovskite film increased with increasing 2D perov-
skite solution concentration. Large-sized BA in the perovskite film

prompts the disorder effect to take place in the periodic lattice of the 3D
perovskite [45]. To further understand the effects of BA on the optical
properties of the quasi-2D/3D perovskite films, we used UPS to estimate
the valence and conduction band position of the various quasi-2D/3D
perovskite films. Fig. 4c and d show the UPS spectra of the quasi-2D/
3D perovskite film with various 2D perovskite solution concentrations,
and the corresponding band diagram is shown in Fig. 4e. As described in
Fig. 4e, the valence bands of quasi-2D/3D perovskite showed a slight up-
shift upon increasing the content of BA, and the energy bands of all the
quasi-2D/3D perovskite films revealed proper band alignment with
electron/hole transport layers (i,e, TiO2 and spiro-OMeTAD).

Fig. 5a and Table 1 exhibit the photovoltaic performance of quasi-
2D/3D PSC with various 2D perovskite solution concentrations. The
average PCE of the PSC based on 3D perovskite is 18.24% (controlled
device). When the 2D perovskite solution concentration increased to
1.0% v/v, the V. was significantly increased from 1.042 to 1.110 V due
to the bandgap increment and uniform surface morphology of quasi-2D/
3D perovskite. Simultaneously, it leads to the highest short-circuit cur-
rent density (Js.) of 22.54 mA em™2, a fill factor (FF) of 78.8%, and a PCE
of 19.74%. The maximum performances of the champion device were
Jse =22.84mA cm 2, Voo = 1.109 V, FF = 80.0%, and achieved a PCE of
20.26%, respectively. The photovoltaic performance was significantly
enhanced by slight 2D perovskite addition (<1.0% v/v). On the con-
trary, the PCE of PSCs with > 1.5% v/v 2D perovskite solution signifi-
cantly decreased to 17.49%. The decrease in PCE may be due to

Table 1
Photovoltaic performance of quasi-2D/3D PSCs with various 2D perovskite solution concentrations.
quasi-2D/3D (% v/v) Voo (V) Jsec (mA/ cmz) FF (%) PCE (%) Champion PCE (%)
0.0 (control) 1.042+0.013 22.73+£0.12 77.0+1.4 18.244+0.21 18.48
0.5 1.065 £ 0.008 22.47 £0.45 76.3+£0.5 18.26 +0.30 18.65
1.0 1.110 £+ 0.007 22.54+0.54 78.8+1.4 19.74 +£0.38 20.26
1.5 1.092 +0.017 22.43+0.43 77.1+1.6 18.884+0.33 19.23
2.0 1.081 £0.010 22.39+0.67 74.5+2.4 18.02+0.14 18.42
2.5 1.075+0.014 21.55+0.08 76.5+1.0 17.494+0.32 17.96
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perovskite above 163 K.

excessive quasi-2D perovskite, restricting the growth of spherulites and
increasing the amount of grain boundary (Fig. 2d-f). The PCE distri-
bution of 150 PSC devices with 1.0% v/v 2D perovskite solution is
shown in Fig. 5b. The EQE spectra (Fig. 5¢) show that the integrated Jg.
of PSC with 1.0% v/v 2D perovskite solution is 20.9 mA cm™2. In addi-
tion, we confirmed the photocurrent and efficiency stability of the de-
vice under continuous light (Fig. 5d). At applied bias Vpax (0.94 V), the
photocurrent and PCE demonstrated stable performance
(~20.8 mA cm 2 and 19.6%) after 300s.

Herein, we further discussed the behavior of perovskite films without
and with 1.0% v/v 2D perovskite solution. In Fig. 6a, PL emission peak
of the perovskite film with quasi-2D perovskite exhibits a higher PL peak
intensity that indicates stronger radiative recombination and defect
reduction in perovskite film [46,47]. Simultaneously, quasi-2D/3D
perovskite film showed a slight blue shift due to the larger bandgap.
We also measured the PL peak mapping of these two samples and found
a regional blue shift for quasi-2D perovskite addition (Fig. S4). The
corresponding transient PL decay plots were measured to estimate the

Table 2
The TRPL fitting results of perovskite films without and with quasi-2D
perovskite.

quasi-2D/3D (% v/v) A (%) 71 (ns) Ay (%) To (nS) Tavg (1S)
0.0 (control) 59.0 3.1 41.0 8.1 5.2
1.0 53.1 3.0 46.9 14.2 8.2

PL lifetime of quasi-2D/3D perovskite films (Fig. 6b). A bi-exponential
function fitted all PL decay curves, and the equation is shown below

t t
F(t) = Alexp( 71—1) +Azexp( — E)

where A; and A, are the weight fractions. 7; and 75 are the fast decay
lifetime and the slow decay lifetime, respectively. For calculation of
average decay lifetime (7,,,), the equation is shown below, and the re-
sults are listed in Table 2.
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Fig. 7. (a, b) XRD patterns, (d, e) absorption spectra, and the corresponding (c) Pbl, peak intensity and (f) absorption change (at wavelength of 650 nm) of perovskite
films without and with quasi-2D perovskite at various storage time. The contact angle measurement for perovskite films (g) without and (h) with quasi-2D perovskite.

Tag = (A7) + AsT2) /(A + Ay)

The 7,,, values of the films without and with quasi-2D perovskite
were 5.2 and 8.2 ns, respectively, which confirmed that the perovskite
films with quasi-2D perovskite reduced the surface defects and pro-
moted the exciton separation. Furthermore, we investigated the
temperature-dependent PL properties of perovskite films without and
with quasi-2D perovskite. Fig. 6¢c and d show the temperature-
dependent PL spectra of the perovskite films from 103 to 303K. At
lower temperatures (103 and 123 K), two peaks were observed at 750
and 780 nm. These two peaks are attributed to orthorhombic phase and
tetragonal phase, respectively. According to some literature, the ortho-
rhombic phase has a larger bandgap than the tetragonal phase [48]. At
103K, Fig. 6d shows the broad peak at 830 nm because the interaction
between the organic and inorganic components changed the band
structure [49]. For the 3D perovskite film (Fig. 6¢), the PL peak position
exhibited red-shift from 103 to 143 K, attributable to the transition from
orthorhombic to tetragonal phase [50]. When the temperature increased
from 143 to 303 K, the PL peaks demonstrated the continuous blue-shift
that is consistent with the results of previous literature [48]. However,
the perovskite film with quasi-2D perovskite had a higher transition
temperature at 163 K. This result might be due to mixed-cation perov-
skite slowing down the phase transition process [50]. Because the
tetragonal phase is stable above 163K, the exciton binding energy can
be estimated from the PL data by using the Arrhenius equation [51],

Iy

1 =—" o
14+ Ae %7

where I(T) and I, are the integrated PL intensities at temperature T and
0K, respectively; A is related to the ratio between the radiative and non-
radiative times; kp is the Boltzmann constant; and Ep is the exciton
binding energy. The fitting results are listed in Table S1. The exciton
binding energies of perovskite film without and with quasi-2D perov-
skite were 121.0 and 80.8 meV, respectively. This indicated that
perovskite film with quasi-2D perovskite is prone to generate free car-
riers instead of bound exciton carriers, resulting in better photovoltaic
performance.

The stability test is an essential issue for PSCs and also plays a crucial
role in future commercialization [52,53]. Here, we systematically
analyzed the stability of perovskite films without and with quasi-2D
perovskite. First, we tested the humidity stability of the quasi-2D/3D
perovskite films (40%RH and 25 °C) with 0.0 and 1.0% v/v 2D perov-
skite solution. XRD was utilized to analyze composition changes of
perovskite films influenced by quasi-2D perovskite addition. Fig. 7a
exhibits that the typical 3D perovskite could quickly decompose in moist
environment. The intensity of (200) peak significantly weakened after
35 days; even Pbl, phase appeared. After 55 days, the perovskite film
completely decomposed, CH3NH3Pbl3 almost disappeared, and only
PbI, appeared. The degradation mechanism of CH3NH3Pbl3 is shown
below [54].

H>0(aq)

CH3NH3PbI3 (b) PbIz (S) + CH3NH3I(aq)

When the quasi-2D perovskite was added into perovskite film
(Fig. 7b), it was found that the intensity of Pbl, phase decreased
significantly. This meant that the addition of BA contributed to the
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Fig. 8. (a, b) XRD patterns, (d, e) absorption spectra, and (g, h) PL spectra of perovskite films without and with quasi-2D perovskite at 100 °C after various lengths of
heating. The corresponding (c) Pbl, peak intensity, (f) absorption change (at wavelength of 650 nm), and (i) PL peak intensity of perovskite films without and with

quasi-2D perovskite at 100 °C after various lengths of heating.

stability of the perovskite crystal phase. Besides, we used the peak
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Fig. 9. Long-term stability of the quasi-2D/3D PSCs without and with 1.0% v/v
2D perovskite solution under ambient atmosphere (~45% relative humidi-
ty, 25°C).

intensity of PbI; to represent humidity stability (Fig. 7c). After 55 days,
the intensity of the Pbl, peak significantly increased for perovskite
without quasi-2D perovskite addition, and it meant that the carbon
chain of BA had a hydrophobic effect on the surface of the perovskite
film. The absorption spectra were also used for stability testing. When
the perovskite material was degraded, the absorption behavior would
also decrease. Fig. 7d shows that the absorption spectrum of 3D
perovskite has obviously decreased after 45 days. However, when 2D
perovskite solution was added to perovskite material, the absorption
spectra did not change significantly (Fig. 7e). We chose the change in
absorbance at 650 nm to represent the change in light absorption
behavior. Fig. 7f reveals that the perovskite film with BA still retained
almost the same absorbance after 55days. The photographs of the
sample for humidity stability test are shown in Fig. S5. In addition, we
also investigated the surface hydrophilicity of quasi-2D/3D perovskite
films by the contact angle measurements using deionized water droplets
on the perovskite films (Fig. 7g and h). The contact angles of perovskite
films increased from 42.7° to 51.8° with the addition of 1.0% v/v 2D
perovskite solution. These results demonstrated that the long carbon
chain of BA had a significant hydrophobic effect, and it was consistent
with the above analysis results.

We also systematically studied the thermal stability of quasi-2D/3D
perovskite films fabricated using the thermal assisted blade coating
method. The perovskite films were heated at 100 °C for 6 h under 0%
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relative humidity. Fig. 8a demonstrates the XRD patterns of 3D perov-
skite film after various lengths of heating. After heating for 2 h, the peak
of Pbl, appeared, and the relative intensity of the perovskite phase
decreased. When the 1.0% v/v 2D perovskite solution was added in
perovskite, the relative intensity of Pbl, peak significantly weakened
(Fig. 8b and c). Perovskite with 2D perovskite solution exhibited no
significant change after heating for 6 h. Moreover, although heating can
cause a decrease in the absorption spectra of perovskite (Fig. 8d-f), the
absorption change at 650 nm of perovskite film with quasi-2D perov-
skite slowed down significantly (Fig. 8f). Similar results were also shown
on the PL spectra (Fig. 8g-i).

The quasi-2D/3D PSCs demonstrated a stability improvement after
being exposed to an ambient atmosphere (~45% relative humidity,
25°C) for 100days without encapsulation. The perovskite devices
without and with 1.0% v/v 2D perovskite solution reached 81.5 and
71.1% of their initial PCEs after 100 days, respectively (Fig. 9). These
results indicated that quasi-2D perovskite addition could effectively
reduce grain boundaries and further enhanced the ambient stability of
the PSC.

5. Conclusion

In conclusion, we have comprehensively studied the surface mor-
phologies, crystalline structure, optical and photovoltaic properties of
various quasi-2D/3D perovskite films. The high quality quasi-2D/3D
perovskite films can be fabricated by the thermal assisted blade
coating method, which has advantages such as easy fabrication, less
material waste, high uniformity for large active area. All the advantages
make this a promising process for up-scale manufacture. The perovskite
film with 1.0% v/v of 2D perovskite solution was proven to reduce grain
boundaries and to enhance the moisture and thermal stability. The
quasi-2D/3D perovskite film also showed the lower exciton binding
energy (80.8 meV). The PSC with quasi-2D/3D perovskite film demon-
strated a PCE of 20.26% with long-term ambient stability.
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