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Anti-solvents play a critical role on the preparation of perovskite active layers for photovoltaic applications. This
work explores the treatment of various anti-solvents for adjusting the crystallinity and morphology of perovskite
active layer. It is found that the anti-solvent with a low dielectric constant and dipole moment is the most
suitable one for the preparation of perovskite layer. It is also noted that the optimal volume ratio of the per-
ovskite precursor to toluene as an anti-solvent is 1:3. Using toluene as the anti-solvent, the perovskite solar cells
(p-i-n type) are fabricated with a single cell and a sub-module within an active area of 0.10 cm? and 11.25 cm?,

respectively. Such display exhibits impressive power conversion efficiencies (PCE) of 13.12% and 11.60% with
negligible J-V hysteresis, respectively, under the illumination of 100 mW/cm? (AM1.5G).

1. Introduction

Recently, the organic-inorganic hybrid perovskite (CH3NH3PbIs;
MAPbDI;) photovoltaic devices have attracted a lot of attention, as its
power conversion efficiency (PCE) has leapt from 3.8% in 2009 [1] to
the current world record of 22.1% [2]. This is attributed to its out-
standing optoelectronic characteristics, including high absorption
coefficient [3], low exciton binding energy of ~0.03 eV [4], long car-
rier diffusion length [5], and tunable energy bandgap [6]. Because of
these properties, the perovskite materials are considered as suitable
light absorbers in the field of solar cells as well as light-emitting devices
[7]. Typically, organic-inorganic perovskite has an ABXj; crystal struc-
ture, where the organic cations usually locate at the A site, the smaller
divalent metal ions insert into the B site, and X is usually a halide ion. In
hybrid organic-inorganic perovskite, methylammonium (CH3;NH;*;
MA™) or formamidinium (HC(NH,),"*; FA™) typically serves as the
organic cation. Lead (Pb%*) or tin (Sn?™) acts as small divalent metal
ion with the halide ions such as I', CI', and Br" [6]. Various perovskite
film preparation methods are well-developed, such as one-step solution
process [8], sequential deposition [9], dual-source vapor deposition
[10], and a vapor-assisted solution process [11]. Perovskite materials

deposited onto mesoporous metal oxides (TiO,) displaying a high PCE
(22.1%) have been widely studied, describing how the metal oxide acts
as a scaffold, improving perovskite coverage [8]. Conversely, inverted
planar perovskite solar cells have also been extensively researched. The
inverted perovskite solar cells have some advantages such as simple as
well as low temperature device fabrication, high stability and small
hysteresis [12-14]. However, perovskite material directly coated onto a
hole transport material (HTM)-modified substrate is hardly to form a
homogenous perovskite layer. This results from the difference between
the nucleation and the grain growth rates [15,16]. The PCEs of inverted
perovskite photovoltaic devices are usually lower than those of normal-
structured perovskite photovoltaic devices, especially on the reporting
of independently certified results [17,18]. Typically, the heterogeneous
nucleation appears in a one-step solution process due to the early
crystallization of perovskite material, generating differently sized per-
ovskite crystals on the substrate. Thus, suppressing perovskite crystal
grain growth rate becomes an important issue. Replacing di-
methylformamide (DMF) by dimethyl sulfoxide (DMSO) leads to a PCE
of 13.5% in order to retard the perovskite crystal grain growth rate
[19]. Similarly, using a hydroiodic acid (HI) pre-treatment to form new
HPbI; compounds results in a PCE of 17.5% [20]. However, hysteresis
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phenomena exist in perovskite solar cells due to residual HI, DMSO, or
PbI, compounds. An efficient anti-solvent, that aided the preparation of
homogenous large-grained perovskite film, was proposed by Seok et al
[21]. In this approach, all the elements were doped into a perovskite
film after the removal of the residual DMSO which formed a new
complex as an intermediate phase of MA,Pbslg(DMSO), instead of
DMSO-PbI,-CH3NH;I with 1:1:1 stoichiometry [22]. Finally, after post-
annealing at 100 °C for 10 min, the complex was fully converted into a
highly crystalline perovskite layer with uniform perovskite grain dis-
tribution. As previously reported, the anti-solvent baths and micro-flow
anti-solvent methods for the fabrication of ultra-smooth perovskite
films with the full coverage and the smooth surface roughness have
been proposed by Bin Xia et al. and Yuanyuan Zhou et al.[23,24]. Large
number of chemicals can be used as anti-solvents. However, the choice
and other conditions of anti-solvents for preparing perovskite film are
not very clear. Therefore, selection of the anti-solvent and its dropping
volume become a significant factor when fabricating high-performance
perovskite photovoltaic devices. In the previous works, the most sui-
table anti-solvent used is toluene (TL) for the preparation perovskite
layer [21]. However, most of the works have not addressed the impact
of the anti-solvent species and their amount used during preparation of
perovskite layer process. In this work, we have developed a systematic
study for determining the suitability of several of anti-solvents on the
perovskite active layer including toluene (TL), chlorobenzene (CB),
chloroform (CF), dichlorobenzene (DCB), isopropyl alcohol (IPA), and
some common organic solvents. It is found that the most suitable anti-
solvent for the preparation of perovskite solar cell is toluene since it
drives the perovskite precursor into the metastable zone instead of the
supersaturation zone. This is in good agreement with the report [21].
Furthermore, it is observed that the dropping volume ratio of perovskite
precursor to anti-solvent (TL) is 1:3 (v: v), which is the optimal con-
dition for the preparation of perovskite solar cells (the substrate area is
2.5 cm?). The TL dropping volume influences the film morphology and
crystallization obviously, where the optimal dropping volume can
generate the largest perovskite grain size (~500 nm) and flat surface. It
benefits the subsequent layers such as PCBM or sliver metal contact. If
the TL dropping volume is excessive or less, a huge of tiny perovskite
crystals or discontinuous perovskite layers are formed after post-an-
nealing. In the final section, TL was used as an anti-solvent and the
volume ratio was kept to prepare a sub-module (larger-area, the sub-
strate area is 25 cm?) perovskite solar cell. This perovskite photovoltaic
device shows power conversion efficiency as high as 11.60% with
negligible J-V hysteresis.

2. Experimental section
2.1. Material preparation

CH3NH3I (MAI) was synthesized by reacting 27.86 ml CH3;NH,
(40% in methanol, Aldrich) and 30 ml HI (57 wt% in water, Aldrich) in
a 250 ml round-bottom flask at 0 °C for 4 h with stirring. The pre-
cipitate was recovered by evaporation at 55 °C for 1 h. The MAI was
then dissolved in ethanol, recrystallized from diethyl ether, and dried at
60 °C in a vacuum oven for 24 h. The perovskite precursor solution was
prepared by mixing Pbl, and CH3NH;I at molar ratio of 1:1 in a co-
solvent system of dimethylsulfoxide (DMSO): y-butyrolactone (GBL)
(volume ratio of 5:5) with a total concentration of 20 wt%.

2.2. Solar cell fabrication

The pre-patterned ITO-coated substrate, with a sheet resistance of
7 Q/square, was cleaned with a neutral wash solution (Extran” MA 02,
Merck Inc.), acetone, and isopropyl alcohol. The substrate was dried at
80 °C for 24 h followed by treatment with UV-ozone for 10 min, Then, it
was spin-coated with a PEDOT: PSS (Heraeus Clevios™ P VP AI 4083)
solution at 5000 rpm for 50 s, and baked at 120 °C for 10 min in an
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ambient conditions. After that, the sample was immediately transferred
to a nitrogen-filled glove box for perovskite layer and PCBM layer
preparation. The perovskite layer preparation involved a consecutive
two-step spin-coating process, where it was conducted at 1000 and
5000 rpm for 10 s and 20 s, respectively, and the volume of the per-
ovskite precursor was kept in 25 pl [21]. During the second spin-coating
step, the perovskite layer was treated with different anti-solvents in the
volume of 75 pl, and those solvents are summarized in Table S1. Fol-
lowing this, the perovskite layer was annealed at 100 °C for 10 min. A
solution of PCBM in chlorobenzene (4 mg/ml) was spin-coated onto the
perovskite layer. Finally, a 100 nm-thick silver (Ag) layer, using
thermal evaporation, was deposited as the metal electrode. The active
area (0.10 cm?) of the solar cell was defined by using a shadow mask
during Ag evaporation.

2.3. Characterization

UV-vis absorption spectra of all samples were measured with a U-
4100, Hitachi UV-vis spectrophotometer. GIXRD data were collected in
the 2-theta range of 10-50° with a Brucker powder diffractometer (D8
Discover) equipped with a 2D detector using CuKal radiation. The
scanning electron micrographs (SEM) were obtained using a Hitachi S-
800 microscope at 10.0 kV. The solar simulator used in this study was a
3 A (AAA) Wacom solar simulator (KXL-500F, Wacom, Japan). An
NREL-certified silicon solar cell (Oriel, 91150 V) with a KG-5 bandpass
filter was used to measure the optical intensity of simulated sunlight,
and we fixed the optical intensity at 100 mW/cm? (AM 1.5 G). The J-V
characteristics of devices were estimated by a computer-controlled di-
gital source meter (Keithley 2400) under 100 mW/cm? (AM 1.5 G).

3. Results and discussion
3.1. Influence of the anti-solvent species

In order to facilitate comparison, the volumes of the perovskite
precursor and the anti-solvent are set at 25ul and 75pl, respectively.
Fig. 1(a) shows a diagram for the preparation process of uniform, large-
grained and dense perovskite film. The process consists of five steps.
First, CH3NH,I and Pbl, are dissolved into a GBL: DMSO (v: v = 5:5)
mixture as the perovskite precursor; Second, 25ul of the perovskite
precursor in volume is dropped onto a PEDOT: PSS coated-ITO sub-
strate; Third, the first step spin-coating process is run at 1000 rpm for
10 s; Fourth, the second step spin-coating process is run at 5000 rpm for
20 s. At the 17th second of the second step spin-coating process, the
anti-solvent with 75pl in volume is dropped directly onto the substrate.
In this step, the excess constituents, such as MAI, Pbl,, GBL, or DMSO,
are removed and formed a new complex as an intermediate phase [21].
Finally, the anti-solvent-treated sample is placed on a hot plate for post-
annealing. Fig. 1(b) shows photographs taken after the anti-solvent
treatment and post-annealing process. From these photographs, it can
be seen that some solvents, such as acetonitrile, y-butyrolactone, me-
thanol, tetrahydrofuran, N, N-dimethylformamide, and dimethyl sulf-
oxide, are not suitable as anti-solvents for the preparation of perovskite
layer since they attack and dissolve the perovskite precursor. We be-
lieve that the anti-solvent solution plays a critical role during perovskite
layer formation. These anti-solvent solutions can strongly affect the
surface morphology and coverage as well as the crystallization kinetics
[25]. Thus, the choice of an anti-solvent solution is important when
preparing perovskite solar cells. As previously reported, the anti-solvent
can significantly reduce the solubility of the solute in solution, but does
not completely inhibit it, where it also accelerates homogenous nu-
cleation due to supersaturation [21,26,27]. It is evident that the hybrid
perovskite is hydrophilic and insoluble in nonpolar solvents. Here, only
five anti-solvents such as toluene, chloroform, chlorobenzene, di-
chlorobenzene, and isopropyl alcohol are considered as suitable
washing solvents for perovskite layer fabrication and studies have been
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Fig. 1. (a) The diagram representing the preparation of perovskite layers. (b) the photographs of perovskite films were taken after the anti-solvent treatment and post-annealing.
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Fig. 2. The first row shows the top-view scanning electron microscopy (SEM) images without the anti-solvent treatment (w/o treatment), TL, CF, CB, DCB, and IPA at a low magnification
of 5000 x. The second row displays high-magnification SEM top-view images (35,000 x). The cross-section (X-section) SEM images of w/o treatment, TL, CF, CB, DCB, and IPA,

respectively, are shown in the third row. The scale bar equals 500 nm.

performed on the perovskite film formation in detail.

The microstructures of the anti-solvent treated and untreated (w/0)
perovskite layers are shown in Fig. 2. The untreated perovskite layer
shows dendritic structures with pin-holes indicating poor surface cov-
erage, as shown in the first column of Fig. 2. This may be attributed to
the uncoordinated nucleation and grain growth rate of perovskite. The
surface coverage changes significantly when the anti-solvents are in-
troduced [26]. After TL treatment, the PEDOT: PSS coated-ITO sub-
strate has entirely covered with large perovskite grains, as shown in the
second column of Fig. 2. When CF is introduced into the process, the
perovskite grains develop a uniform distribution, becoming flatter than
those from the untreated solution. Since the CF has small molar volume,
it mixes with the DMSO/GBL solution more quickly than TL, and drives
the perovskite precursor solution into supersaturation zone [28]. But,
the size of perovskite grain is too small, and it indicates that a lot of
grain boundaries exist in the perovskite layer. This may result in re-
sistance during charge transportation in the perovskite layer [15,29].
Moreover, many deep pits occur on the perovskite layer surface after CB
treatment, implying that the perovskite nucleation and grain growth
rate may be slightly different. We believe that the deep pits will affect
the coverage of subsequent layers such as PCBM or silver metal contact.
The perovskite layer treated with DCB shows good coverage and uni-
form grain size. In addition, a huge number of tiny perovskite grains
covered on the PEDOT: PSS coated-ITO substrate result in pinholes
appearing on the surface during the treatment with IPA. It is evident
that different surface morphologies and crystalline properties can be
obtained by the treatment with different anti-solvents.

The anti-solvent crystallization technique is widely used in the

pharmaceutical industry to synthesize drugs by crystallizing those from
an original solvent. With the addition of an anti-solvent, the solute
becomes relatively insoluble. The anti-solvent is soluble in the original
solvent, leading the original solution to change from the under-super-
saturation zone into the metastable zone or the supersaturation zone.
Thus, the nucleation rate and grain growth of the drug can be con-
trolled by the type or volume of the anti-solvent. Similarly, when the
anti-solvent is introduced into the perovskite layer during manu-
facturing process, the solubility of the perovskite precursor decreases,
since most of the solutions in the perovskite precursor are removed or
diluted, depending on the dielectric constant and dipole moment of the
anti-solvent [21,30,31]. This drives the perovskite precursor solution
from the under-supersaturation zone into the metastable zone (TL) or
the supersaturation zone (CF, CB, DCB, or IPA). The schematic diagram
taken and modified from the literature reference with prior permission
from the authors depicting the relative position of the various anti-
solvents (not the absolute position) with different areas of distribution
is shown in Fig. 3 [36]. When the perovskite precursor solution is
treated with TL, the perovskite layer obtained is transparent, indicating
the existence of a non-stoichiometric intermediate phase
(MA,PbsIg(DMSO),) instead of DMSO-PbI,-CH3NH3I with 1:1:1 stoi-
chiometry (Fig. 3, inset) [22]. Thus, the consistent rate of nucleation
and grain growth yields large uniform grains when the perovskite
precursor solution is treated with TL. In contrast, when the perovskite
precursor solution is treated with CF, CB, or DCB, the color of the
perovskite layer is brown or light brown, which indicates that the
perovskite crystals have directly been separated out during the anti-
solvent treatment. This generates highly nucleation density, leading to
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Fig. 3. The schematic diagram of the perovskite precursor concentration with respect to
various anti-solvents. The inserts photos are taken from the perovskite precursor treat-
ment with TL, CF, CB, DCB, and IPA before post-annealing [36].

a nucleation rate that is faster than the rate of grain growth. Thus, the
grain size of the perovskite obtained is smaller than those obtained by
the treatment with TL. A yellow-brown color was observed when the
perovskite precursor solution was treated with IPA. This indicates that
the Pbl, and perovskite crystals separate out simultaneously since the
most of MAI is dissolved and removed by IPA, resulting in inconsistent
rates of nucleation and grain growth [32].

UV/vis spectroscopy was used to evaluate the perovskite layers
before post-annealing, and the absorption spectra in different anti-sol-
vents are shown in Fig. 4. The perovskite precursor solution treated
with TL exhibits very low absorption in the range of 400-900 nm, and
has been verified as a non-stoichiometric intermediate-phase absorp-
tion spectrum [22]. This confirms that the perovskite precursor solution
is driven into the metastable zone upon by the addition of TL. In con-
trast, when the perovskite precursor solution is treated with CF, CB, or
DCB, a typical perovskite absorption spectrum is obtained. This de-
monstrates again that the perovskite crystals directly separate out
during the anti-solvent treatment. The absorption spectrum for the
sample treated with IPA is similar to those of Pbl, and a perovskite. This
indicates that, not only that most of the MAI has been dissolved and is
removed by the IPA, but also that some of the perovskite crystals are
generated during the anti-solvent treatment [25].

Based on the above results, it can be concluded that: (a) the anti-
solvent with a low dielectric constant and low dipole moment (TL) can
drive the perovskite precursor solution from the under-supersaturation
zone into the metastable zone, and exists as stable one in the inter-
mediate-phase; (b) anti-solvents with dielectric constants and dipole
moments that are slightly higher than TL (CF, CB, DCB), can drive the

35 —— TL treatment, before post-annealing

3.0 —— CF treatment, before post-annealing
—— CB treatment, before post-annealing

25k —— DCB treatment, before post-annealing

—— IPA treatment, before post-annealing

2.0

1.5

Abs. (a.u.)

1.0

0.5

0.0 . . . .
400 450 500 550 600 650 700 750 800 850

Wavelength (nm)

Fig. 4. The absorption spectra acquired from the perovskite precursor treated with var-
ious anti-solvents before post-annealing.
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Fig. 5. (a) X-ray diffraction patterns and (b) UV-vis absorption spectra of the perovskite
precursor treated with various anti-solvents after post-annealing.

perovskite precursor solution into the supersaturation zone. In this case,
the perovskite crystals bypass the intermediate-phase and directly se-
parate out; (c) when the anti-solvent has a higher dielectric constant
with a dipole moment slightly higher than TL and Pbl,, some of the
perovskite crystals separate out, since the most of the solution and MAI
are dissolved and removed, leading to changes in the stoichiometry.
The XRD patterns of the samples before and after treatment with
various anti-solvents are shown in Fig. 5(a). Before the anti-solvent
treatment, the intensity of perovskite layer is higher than the others
indicating relatively high crystallinity. However, a small peak appears
in the diffraction pattern corresponding to the intermediate-phase
(black arrow) [20,22,33]. Moreover, its surface coverage is extremely
poor and so it is not considered as a good candidate for perovskite solar
cell application. After anti-solvent treatment, the X-ray diffraction
peaks located at 20 of 14.2°, 19.5°, 24.0°, 27.9°, 31.4°, 40.2°, 42.7°, and
49.9° indicate the formation tetragonal phase perovskite layer. It is
worth to note that two extra higher orders of diffraction peaks appear at
19.5° (210) and 24.0° (202) (dashed red line). By comparing the si-
mulated perovskite XRD diffraction pattern, these two extra higher
orders of diffraction peaks indicate that the perovskite film treatment
with the anti-solvent solutions is highly crystalline in nature [34]. The
PbI, peak appears at 20 of 12.5° (red arrow) corresponding to (100)
when the perovskite precursor treats with IPA. This may be attributed
to the stoichiometric change as a result of replacement of MAI by IPA
solution. Fig. 5(b) shows the UV-vis absorption spectra of perovskite
layers obtained by treatment with various anti-solvents and after post-
annealing. The absorption curves cover a wide range of wavelengths
from the visible to the near-infrared. For the perovskite layer treated
with anti-solvents, the absorption edges are very sharp, consistent with
their crystallinity. The untreated perovskite layer shows low absorption
intensity because of the poor surface coverage and the embedded PbI,
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Fig. 6. The J-V characteristics obtained for the perovskite solar cells fabricated with
different anti-solvent treatments (active area: 0.1 cm?).

phase. Despite the fact that the absorption spectra of TL, CB, DCB, and
CF are almost the same, the wavelength range of 400-600 nm is slightly
different. This may be attributed to the pits in the perovskite layer or
the surface roughness, even though the crystal structure (tetragonal)
and thickness (~240 nm) are almost identical. Furthermore, the Pbl,
phase in the perovskite layer treated with IPA leads to a lower relative
absorption spectrum.

The photovoltaic characteristics of typical small-area perovskite
solar cells (0.10 cm?) treated with different anti-solvents were primarily
evaluated under AM 1.5 G irradiation at 100 mW/cm? and are shown in
Fig. 6. Use of TL as the anti-solvent results in the highest PCE of 13.12%
than those treated with CF, CB, or DCB.

The highest PCE is attributed to the anti-solvent of TL driving the
perovskite precursor into the metastable zone, which results in the
consistent rate of nucleation and grain growth at annealing process.
Thus, a uniform and large grain perovskite layer can be obtained by TL
anti-solvent treatment. Furthermore, the perovskite solar cells treat-
ment with TL shows the highest fill factor of about 70%, contributing
few amounts of grain boundaries. It has also been demonstrated by SEM
top-view image. In contrast to the anti-solvent of TL, the lower PCE for
the device used with CF, CB, and DCB may be attributed to the number
of grain boundaries existing in the perovskite layer. This results in
charge recombination as the perovskite crystal is directly formed by
bypassing the intermediated-phase during the perovskite precursor
treatment with CF, CB, or DCB. This indicates that the perovskite layer
has higher nucleation density than that of TL treatment so that this
generates high grain boundaries in the perovskite layer during grain
growth.

In contrast to the untreated and IPA-treated samples, the PCE is
significantly lower than the others. This may be attributed to the huge
amount of Pbl, and pin-holes embedded in the perovskite layer, leading
to the formation of a carrier recombination center. Moreover, the en-
ergy levels of the anti-solvent treated perovskite films will be changed,
which affect the carriers transport properties. The photovoltaic para-
meters of perovskite device fabricated with various anti-solvent treat-
ments are summarized in Table 1. Based on above and photovoltaic
characteristic results, we believe that the anti-solvent with a low di-
electric constant and low dipole moment is the most suitable one for
perovskite layer fabrication. It drives the perovskite precursor into the
metastable zone instead of the supersaturation zone, leading to the
nucleation rate and grain growth rate accordingly.

3.2. The effect of TL dropping volume

From the above evaluation, it is concluded that TL is a good anti-
solvent candidate for the fabrication of perovskite photovoltaic device.
In this section, it is focused on the TL dropping volume during the
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Table 1
Photovoltaic parameters of small-area perovskite solar cells obtained with different anti-
solvents treatment.

Voc (V) Jsc (mA/cm?) FF Efficiency (%)
w/o 0.27 = 0.01 4.21 £ 0.21 0.30 = 0.01 0.33 = 0.02
TL 0.94 + 0.05 19.93 = 1.00 0.69 *+ 0.03 12.85 = 0.64
CF 0.88 = 0.04 16.39 = 0.82 0.63 = 0.03 9.11 = 0.46
CB 0.94 + 0.05 19.22 + 0.96 0.61 = 0.03 10.88 = 0.54
DCB 0.93 + 0.05 19.01 = 0.95 0.63 = 0.03 11.12 = 0.56
IPA 0.90 + 0.04 12.32 = 0.62 0.63 = 0.03 7.00 = 0.35

The standard deviation (s.d) is calculated from 8 cells.

perovskite layer preparation process. In order to investigate the TL
dropping volume effect, the perovskite precursor solution is kept at
25 pl, and other parameters are kept at the same. The TL dropping
volumes used in this section are 25, 50, 75, and 100 pl. Fig. S1 shows
the photographs of the perovskite precursor treated by TL with various
dropping volumes before and after post-annealing. The perovskite
precursors before post-annealing are transparent, indicating the me-
tastable zone nature of the perovskite films [21]. However, when the
as-treated samples are subjected to post-annealing at 100 °C for 10 min,
the perovskite precursor treated with 25 pl of TL shows a white ring on
the perovskite layer surface. This could be caused by residual MAI or
pinholes and surface roughness [35]. When MAI is present on the
perovskite layer surface, it becomes a carrier recombination center.
Moreover, when the dropping volume is increased to 50, 75 and 100 pl,
the white ring disappears and a dark-brown perovskite layer with a
mirror-like surface is emerged. In addition, it is illustrated that although
TL is as anti-solvent, the thickness of perovskite film is approximately
240 nm and is slightly reduced with an increase in amount of TL
dropping volume (from the SEM cross-sectional view that is shown in
Fig. S2). Moreover, the roughness of films is slightly different and this
may be attributed to the nucleation rate and inconsistent grain growth
rate.

Fig. 7(a) and (b) show the absorption spectra of the perovskite
precursor treated with various TL dropping volumes before and after
post-annealing. Before post-annealing, a very low absorption in the
range of 400-850 nm is seen. This proves again that the perovskite
precursor treated with different TL dropping volumes is transparent,
and is an intermediate phase compound MA,PbsIg(DMSO), [22]. After
post-annealing, the intensity of the absorption spectra increases and the
absorption edges are similar to a classical perovskite [26]. Furthermore,
when the perovskite precursor is treated with 50 and 75 pl of TL, the
absorption in the range of 400-850 nm is very similar. This indicates
that both perovskite layers have good crystallinity. However, the per-
ovskite precursor treated with 50 pl of TL shows a slightly lower ab-
sorption intensity in the range of 450-550 nm, which could affect the
generation of the short-circuit current. The perovskite precursor treated
with 25 pl of TL shows extremely low absorption intensity, which could
be attributed to the light scattering effect by residual MAI or pinholes
on the perovskite layer surface [35].

The top view of SEM images were used to evaluate the micro-
structure of the perovskite precursor treated with various TL dropping
volumes and after post-annealing, as shown in Fig. 8(a) to (d). The
surface morphology clearly shows a discontinuous film with pinholes in
the perovskite precursor treated with 25 pl of TL after post-annealing.
When the TL dropping volume is increased to 50 pl, the pinholes dis-
appear, and the perovskite grains become large. However, it is com-
posed of many small grains within one domain. In addition, some deep
valleys form on the perovskite layer surface, which could be the result
of inconsistent nucleation rate and grain growth, affecting the coverage
of the subsequent layer of PCBM. Once the TL dropping volume is in-
creased to 75 pl, the topography as well the perovskite grains become
more smooth and individual, indicating lower grain boundary density
of the perovskite layer. In contrast, the perovskite grains become
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Fig. 7. The absorption spectra recorded from the perovskite precursor treated with dif-
ferent TL dropping volume (a) before and (b) after post-annealing.

obviously small and random when the TL dropping volume is increased
to 100 pl. This may be caused by the removal of a large amount of the
perovskite precursor, which results in the movement of the solution
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Table 2
Photovoltaic parameters of small-area perovskite solar cells obtained after treatment with
different TL dropping volumes.

Volume Voc (V) Jsc (mA/cm?) FF Efficiency (%)
25l 0.56 + 0.03 10.76 + 0.54 0.43 £ 0.22 2.59 £ 0.13
50 ul 0.89 + 0.04 19.07 + 0.95 0.67 + 0.03 11.37 £ 0.57
75 ul 0.90 + 0.05 21.76 = 1.09 0.67 + 0.03 13.12 + 0.66
100 pl 0.83 + 0.04 21.2 + 1.06 0.61 + 0.03 10.73 + 0.54

The standard deviation (s.d) is calculated from 8 cells.

going closer to the supersaturation zone, causing the formation of
several nucleation sites.

The photovoltaic characteristics of typical small-area perovskite
solar cells treated with various TL dropping volumes under irradiation
at 100 mW/cm? (AM 1.5 G), are shown in Fig. S3, and the photovoltaic
characteristics of perovskite solar cells are summarized in Table 2. It is
evident that the perovskite precursor treated with 75 pl of TL has the
highest power conversion efficiency of 13.12%. This may be attributed
to a flat surface and large individual perovskite grains (lower grain
boundary density). In contrast, the perovskite precursor treated with
25 pl of TL shows a low power conversion efficiency of 2.57%. This is
attributed to the pinholes and the discontinuous perovskite layer. The
perovskite precursor treated with 50 ul TL displays the second highest
PCE of 11.35%. It is slightly lower than the perovskite layer treated
with 75 pl of TL since it is composed of many small grains in one do-
main. Similarly, the small perovskite grains in the case of the perovskite
precursor treated with 100 pl of TL resulting in a PCE of 10.75%, which
is lower than those treated with 50 and 75 pl. Moreover, the in-
vestigations on the volume of TL anti-solvent in the n-i-p type per-
ovskite solar cell reveal the same results, which are shown in Fig. S4
and Table S2. According to the above results, it can be concluded the
optimal volume ratio of the perovskite precursor to TL anti-solvent is
1:3 (v: v).

3.3. Preparation sub-model perovskite solar cell

The optimal anti-solvent and dropping volume had been well

Fig. 8. The top-vise SEM images taken from the
perovskite precursor, treated with (a) 25pl; (b) 50pl;
(c) 75ul; (d) 100 pl, and suffers for post-annealing at
100 °C for 10 min.
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Fig. 9. (a) The photograph of sub-module perovskite
solar cells (active area: 11.25 cm?); (b) LBIC map-
ping of the 5 cm X 5 cm sub-module perovskite solar
cell; (¢) The J-V characteristics of the sub-module
perovskite solar cell fabricated by TL anti-solvent
drop casting.

(b)
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investigated in the above section. In this section, we used TL as an anti-
solvent, keeping the volume ratio of the perovskite precursor to anti-
solvent as 1:3, where the solution volume was increased to 10 times
(250p1:750pl) in preparing a larger area perovskite film. This demon-
strates a sub-module perovskite solar cell that constructed from a series
connection of five 2.25 cm? cells (substrate area: 25 cm? and active
area: 11.25 cm?). The photograph of the sub-module perovskite solar
cell is shown in Fig. 9(a). The CO,-laser patterning process was adopted
to fabricate an effective and integrated series connection between the
cells in the module. The uniformity of the sub-module was revealed by
Light Beam Induced Current (LBIC) mapping using an excitation wa-
velength of 532 ( = 2 nm), as shown in Fig. 9(b). The pattern in LBIC
shows an unsymmetrical shape, rather than a symmetrical shape. This is
due to the fact that single tube injection drop casting process with large
amount of TL anti-solvent on large area substrate could cause the dif-
ference between the five single cells of the module, where the dropping
of the anti-solvent fixed at a center position of film resulted in the
different thickness in a circular distribution on the substrate (thinner at
center and thicker at out ring) and the inhomogeneity of perovskite
film.

From the sub-module perovskite solar cell, the Jsc, Voc, fill factor
(FF) and PCE of 3.79 mA/cm?, 4.31 V, 0.71% and 11.60%, respectively,
were achieved with negligible J-V hysteresis phenomena as seen in
Fig. 9(c), and its detailed photovoltaic characteristics are summarized
in Table 3. A high PCE sub-module perovskite solar cell can be obtained

Table 3
Photovoltaic parameters of sub-module perovskite solar cells obtained after TL dropping
treatment.

Scan direction Voc (V) Jsc (mA/cm?) FF Efficiency (%)
Forward scan 4.31 3.79 0.71 11.60
Reverse scan 4.30 3.80 0.71 11.60

through carefully selecting the anti-solvent as well as optimizing the
volume ratio of the perovskite precursor to the anti-solvent. In this
study, a further careful optimization of the perovskite film and PCBM
layer deposition procedures could lead to a high PCE of perovskite solar
module.

4. Conclusions

In this study, it is concluded that: (a) the surface morphology and
coverage of the perovskite layer can be significantly improved when
introducing an anti-solvent with a low dielectric constant and low di-
pole moment into the drop casting process. This is attributed to the fact
that the anti-solvent will drive the perovskite precursor into the me-
tastable zone instead of the supersaturation zone. This increases the
nucleation rate and grain growth rate consistent during the post-an-
nealing process; (b) the optimal volume ratio of the perovskite pre-
cursor and the TL anti-solvent is 1:3. Using this volume ratio, the small-
area and sub-module perovskite solar cells with PCE of 13.12% and
11.60%, respectively, were successfully achieved with negligible J-V
hysteresis.
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