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Formation of ultrasmooth perovskite ﬁlms toward
highly eﬃcient inverted planar heterojunction solar
cells by micro-ﬂowing anti-solvent deposition in
air†
Bin Xia,‡a Zhaoxin Wu,‡*a Hua Dong,a Jun Xi,a Wen Wu,a Ting Lei,a Kai Xi,c Fang Yuan,a
Bo Jiao,a Lixin Xiao,b Qihuang Gongb and Xun Houa
Ultrasmooth perovskite thin ﬁlms are prepared by a solution-based one-step micro-ﬂowing anti-solvent
deposition (MAD) method carried out in air with simplicity and practicability. Engaging inert gas blow and
anti-solvent drips as accelerators, ultrafast crystallizing, thickness controllable, and high quality
methylammonium lead iodide ﬁlms are prepared with a least root mean square roughness of 1.43 nm
(1.95 nm on average), achieving the smoothest surface morphology to the best of our knowledge, as
well as a rather compact perovskite layer with a high coverage ratio. Perovskite ﬁlms formed from MAD
require no annealing procedure to ultimately crystallize, realizing a very fast crystallizing procedure
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within few seconds. By controlling the thickness of perovskite ﬁlms, superior photovoltaic performance
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technology will beneﬁt not only highly eﬃcient photovoltaic devices, but also perovskite-based hybrid
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optoelectronic devices with ﬁeld eﬀect transistors and light emitting diodes as well.

1

of solar cells with a large ﬁll factor of 0.8 and a PCE of 15.98% is achieved without a glovebox. MAD

Introduction

Thin lm photovoltaic devices have great potential to take
advantage of clean renewable energy.1 Organometal halide
perovskite solar cells have been put in the spotlight since the
incipient work of Miyasaka et al.2 In six years, tremendous
progress of power conversion eﬃciency (PCE) from 3.8% to
20.1% has been made in organometal lead halide perovskite
solar cells due to their high eﬃciencies as well as low-cost and
ease of fabrication.3–7 To enhance the PCE of perovskite solar
cells, much research has been conducted on the structure of
devices and on the choice of charge transport materials.8–10
Most eﬃcient perovskite solar cells used the regular conguration, which engaged mesoscopic metal oxides such as
TiO2, Al2O3, and ZrO2, requiring a high-temperature sintering
procedure at 500  C.11–13 The inverted conguration with
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planar architecture, on the other hand, employed organic
transport layers that could be easily deposited at low
temperature with economy and practicability,9,10 albeit the
PCE of this kind of conguration was not as high as that of the
regular one. Despite the importance of suitable device structures and other functional materials, preparation of smooth,
consecutive and homogeneous planar perovskite lms would
be a primordial scenario to avoid shunting and recombination, so as to achieve high performance practically. Solutionbased deposition is the most broadly applied technique to
form relatively smooth and consecutive functional lms,
especially perovskite thin lms, in organometal halide
perovskite photovoltaic devices due to its simplicity and
practicability. Original one-step deposition as an easy way to
prepare perovskite lms was adopted widely, but those
perovskite lms prepared by this method suﬀered from relatively low coverage and consecutiveness which resulted in
shunting and recombination of carriers in solar cells.14
Additives such as 1,8-diiodooctane (DIO) or 1-chloronaphthalene (CN) commingled with a one-step perovskite
precursor could improve the morphology of perovskite lms
to some extent, nevertheless, there were still obvious pinholes
remaining in the perovskite lms due to their relatively slow
crystallization speed in high boiling point solvent N,N-dimethylformamide (DMF) (boiling point at 153  C).15,16 Compared
with the lms formed from one-step deposition, an almost allcovered perovskite lm could be obtained by sequential
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deposition.14 Although the problem of coverage and consecutiveness was well solved by sequential deposition, the lm
roughness from sequential deposition was rather high due to
acute dipping reactions and large crystal sizes, which made it
diﬃcult for the perovskite layers to be fully covered by the
hole transport layer (HTL) or the electron transport layer
(ETL), thus leading to carrier recombination in devices and
deterioration of their performance.17,18 Compact and consecutive perovskite lms prepared by advanced deposition
methods, such as one-step deposition engaging lead acetate
(PbAc2) and solvent engineering, possessed excellent surface
morphology.19,20 However, the same as most of the solution
deposition methods, they needed a nitrogen-lled glovebox,
which added complexity to the fabrication and operation
process. Vapor deposition, another kind of method diﬀerent
from solution deposition, enabled perovskite lms to have
high qualities such as atness, homogeneity, and high
coverage.21,22 But inevitably, vapor deposition required
a sophisticated vacuum system and in situ surveillance over
the deposition rate,23 which might not adapt to the tide of
economically low-cost and practically easy-fabrication in the
perovskite solar cell industry in the future. Compared with
vapor deposition, solution deposition had its advantages of
simplicity and practicability. Nevertheless, either conventional one-step deposition or sequential deposition le
perovskite lms with morphology defects which could not be
made up easily, and advanced deposition methods needed
a glovebox to ensure the quality of perovskite lms in most
cases.
Herein, we report a solution-based one-step micro-owing
anti-solvent deposition (MAD) process carried out in ambient
atmosphere with simplicity and practicability. The term
“micro” does not mean the exact magnitude of millionth.
Instead, “micro” here is a description which indicates the
moderate ow of N2 gas with neither high pressure nor strong
intensity. “Micro-owing” is an assistant process together
with “anti-solvent” to accelerate the evaporation rate of the
solvent. When an anti-solvent was added to the substrate
during spin-coating, the N2 gas moderately owed over the
substrate, facilitating the evaporation of the solvent and the
crystallization of perovskite lms. Engaging anti-solvent and
inert gas blow as accelerators, ultrafast crystallizing, thickness controllable, and high quality methylammonium lead
iodide (CH3NH3PbI3) lms were prepared with an average
root mean square (RMS) roughness less than 2 nm and
nonporous coverage. Compared to either one-step deposition, sequential deposition or vapor deposition, perovskite
lms prepared by MAD possessed the smoothest surface
morphology to the best of our knowledge, as well as a rather
compact perovskite layer with a high coverage ratio. Moreover, perovskite lms formed from MAD required no
annealing procedure to ultimately crystallize, realizing a real
ultrafast procedure within a few seconds. By controlling the
thickness of the perovskite lms and optimizing the ETL,
superior photovoltaic performance of solar cells with a large
ll factor (FF) near 0.8 and a PCE of 15.98% was achieved
without a glovebox.
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2 Experimental section
2.1

Materials

Aqueous dispersions of PEDOT:PSS (CLEVIOS PVP Al 4083) were
obtained from Heraeus and used as received. PbI2 (99.999 wt%)
was purchased from Alfa Aesar and used as received. CH3NH3I
was prepared similar to a previously published method,11 in
brief: 24 mL methylamine solution (33 wt% in ethanol, Sigma
Aldrich) and 10 mL hydriodic acid (57 wt% in water, Sigma
Aldrich) were diluted by using 100 mL ethanol in a 250 mL
round bottom ask by constant stirring at 0  C for 2 hours. The
precipitate of CH3NH3I was obtained by rotary evaporation at
40  C and washed with dry diethyl ether until the solid became
white. The nal product was dried at 60  C in a vacuum oven for
24 hours. PC61BM (99.5%) and PC71BM (99.5%) were both
purchased from Solenne and used as received.
2.2

Perovskite-based solar cell fabrication

ITO glass substrates were sequentially cleaned with detergent,
acetone and deionized water, and were dried at last. Dry ITO
glass substrates were treated with ultraviolet ozone plasma for 5
minutes for further cleaning. PEDOT:PSS solution was spincoated on ITO glass at 2500 rpm for 30 seconds and annealed at
140  C for 10 minutes, forming a PEDOT:PSS layer of 45 nm.
Aer annealing, a DMF solution of CH3NH3PbI3 (CH3NH3I and
PbI2 in 1 : 1 molar ratio) was spin-coated on the substrate at
5000 rpm for 60 seconds with an 800 L h1 dry nitrogen gas ow
blowing over the lm 5 seconds before spin-coating till the end
of it. To realize a homogeneous perovskite lm, a gas ow meter
and a funnel were engaged. The gas ow meter was linked
between the N2 gas cylinders to control the speed of the N2 ow
to a moderate extent to realize “micro-owing” and the funnel
right above the substrate could help to disperse the N2 ow at
almost the same rate in diﬀerent directions. During the spinning, few drops of chlorobenzene were quickly added to the lm
at a certain time (e.g. the 4th second for 35 wt% CH3NH3PbI3
in DMF solution) aer the beginning of spin-coating for
a CH3NH3PbI3 in DMF solution. 20 mg mL1 PC61BM or
PC71BM in chlorobenzene was then spin-coated on the perovskite lm at 2000 rpm or 3000 rpm respectively for 30 seconds,
and was annealed at 80  C for 10 minutes to form a 30 nm
electron transport layer. All of the spin-coating procedures were
carried out in ambient atmosphere. 10 nm BCP and 140 nm Ag
were thermally evaporated onto the PCBM layer to eventually
consummate the device.
2.3

Characterization

The absorption and transmittance spectra were acquired by
using a UV-vis spectrophotometer (Fluoromax 4, HORIBA Jobin
Yvon, USA). Crystalline structures were performed by X-ray
diﬀraction (XRD) (D/MAX-2400, Rigaku, Japan) with Cu Ka
radiation. Surface morphology was investigated by scanning
electron microscopy (SEM) (Quanta 250, FEI) and atomic force
microscopy (AFM) (Solver P47H-PRO, NT-MDT, Russia). Device
characteristics were evaluated in ambient under an AAA solar
simulator (XES-301S, SAN-EI Electric. Co. Ltd.), AM 1.5G
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illumination with an intensity of 100 mW cm2 (1 sun, calibrated by a NREL-traceable KG5 ltered silicon reference cell).
Meanwhile, the current density–voltage (J–V) curves were
measured by using a Keithley digital source meter (Model 2602).
The scan rate of the planar heterojunction perovskite solar cell
current–voltage curves was 0.05 V s1. Incident photon-tocurrent conversion eﬃciency (IPCE) spectra were obtained by
using the solar cell quantum eﬃciency measurement system
(SolarCellScan 100, Zolix instruments. Co. Ltd.). The area of
each device, calibrated by the shadow mask, was 9.00 mm2.

3 Results and discussion
3.1

Perovskite lm formation and characterization

The perovskite thin lms were prepared by the MAD method in
ambient atmosphere as shown in Fig. 1a and S1.† All detailed
processes can be found in the Experimental section. Drops of
DMF solution of CH3NH3PbI3 (35 wt%) were spin-coated on the
substrate at 5000 rpm for 60 seconds with an 800 L h1 dry
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nitrogen gas (N2) ow blowing over the lm 5 seconds before
spinning till the end of it. During the spinning, few drops of
chlorobenzene were quickly added to the lm at a certain time,
the 4th second for example, aer the beginning. The N2 ow
acted as an accelerator that enabled DMF to evaporate quickly
and formed a saturated solution within few seconds during the
incipient stage of spinning. Then, the role of chlorobenzene was
to rapidly reduce the solubility of CH3NH3PbI3 in the saturated
solution and to bring about ultrafast nucleation, precipitation,
and formation of the crystals in the lm.24 During the rest time
of spin-coating, DMF and chlorobenzene either evaporated
quickly under the N2 ow or deviated from the substrate dissolved in each other. When spin-coating was over, there was
hardly DMF and chlorobenzene remnant on the perovskite lm
and the lm was crystallized ultimately without the annealing
process. Fig. S2† shows the absorption of perovskite lms
deposited by MAD with and without the annealing process.
There was hardly any diﬀerence between the two curves, suggesting that perovskite crystals formed completely during the

Fig. 1 (a) Schematic procedure for the MAD method progressing from left to right. (b) XRD patterns of the CH3NH3PbI3 perovskite ﬁlm, CH3NH3I
ﬁlm and PbI2 ﬁlm. (c) Tilt-angle SEM image of the perovskite thin ﬁlm prepared by MAD.

This journal is © The Royal Society of Chemistry 2016
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spin-coating. Perovskite lms without the annealing procedure
were further characterized by X-ray diﬀraction (XRD) patterns
shown in Fig. 1b.
Clear diﬀraction peaks at 14.08 , 28.40 , and 31.83 can be
respectively assigned to (110), (220), and (310) planes as the
diﬀraction of the tetragonal CH3NH3PbI3 phase. No diﬀraction
peaks of PbI2 or CH3NH3I were found in the curve of CH3NH3PbI3
crystals, indicating that the entire compound reacted completely
during MAD even without the annealing process. XRD patterns of
perovskite lms with diﬀerent thicknesses corresponding to
diﬀerent concentrations of CH3NH3PbI3 are shown in Fig. S3.†
XRD patterns of perovskite lms with diﬀerent thicknesses
revealed the complete reaction and tetragonal crystal phase,
which, to a great extent, meant the independence of solution
concentrations in the MAD. Scanning electron microscopy (SEM)
images of surface morphology in Fig. 1c and 2a and b demonstrate that perovskite crystals were packed densely without
pinholes, resulting in a homogeneous lm with a quite complete
coverage. Since the N2 ow rate was almost the same in diﬀerent
directions, the crystallization conditions of perovskite in
diﬀerent positions on the substrate were almost the same. As can
be seen in Fig. S4,† ve areas of the perovskite lm on one
substrate were characterized by SEM. Perovskite grain sizes were

Paper

almost homogeneous from areas (a) to (e), indicating almost the
same N2 ow rate at diﬀerent directions and positions.
During the MAD, the moment of chlorobenzene addition is
vital to the surface morphology of perovskite lms. For solution
of a certain concentration, 35 wt% for example, crystals
precipitated at only the 4th second aer the beginning of spincoating with the solution turning vague and opaque rapidly and
obviously due to the acceleration eﬀect of N2 ow. Chlorobenzene should be added right half a second earlier before crystal
precipitation. Chlorobenzene added too early (e.g. at the 2nd
second aer the beginning of spin-coating) resulted in a rodlike lm morphology that was similar to the morphology of
lms prepared by conventional one-step deposition (Fig. 2c and
d).13 This kind of rod-like morphology was probably ascribed to
the unsaturated CH3NH3PbI3 solution in which colloid-based
growth was the dominating way of crystallization, in accordance
with the perovskite colloidal chemical study carried out previously by another group.25 By colloid-based growth, disk-like
particles up to ca. 200 nm in size were yielded and packed in
lines towards diﬀerent directions, devastating the consecutiveness of the lm. On the other hand, adding chlorobenzene too
late (e.g. at the 5th second aer the beginning of spin-coating)
resulted in a morphology in which rod-like composition seemed

Fig. 2 SEM images of perovskite ﬁlms with chlorobenzene added at (a) and (b) right moment, (c) and (d) early moment and (e) and (f) late
moment. AFM images and RMS analyses (j) of perovskite ﬁlms made by (g) sequential deposition (SD), (h) one-step deposition (OD) and (i) MAD,
respectively. Cross-sectional SEM image of the full device (k).
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to be buried in compact perovskite particles (Fig. 2e and f). This
unique morphology might have arisen from the over-saturated
solution and the simultaneous existence of both colloid-based
growth and solution-based growth when CH3NH3PbI3
was crystallizing.25 Colloid-based growth yielded rod-like
morphology and solution-based growth yielded compact
particle morphology, respectively. Adding chlorobenzene at half
a second before the lm turned opaque can make CH3NH3PbI3
crystallize at the right moment when the solution is neither
unsaturated nor over-saturated, ensuring all solution-based
growth in just-saturated solution during crystallization and
yielding homogeneous morphology with compact particles
(Fig. 2a and b).
We further characterized perovskite lms by atomic force
microscopy (AFM), as shown in Fig. 2g–j. The RMS roughness of
perovskite lms prepared from sequential deposition, one-step
deposition and MAD was calculated to be 75.5 nm, 42.6 nm, and
1.43 nm, respectively, for an area of 10 mm  10 mm (Fig. 2j). It is
worth emphasizing that not all of “pinholes” in those AFM
images were real ones. In Fig. 2g and h corresponding to lms
prepared by sequential deposition and one-step deposition,
respectively, those black pinholes were the real ones that
directly led to the substrate through perovskite lms. The
depths of those pinholes could be conrmed from the AFM
height coordinate that was in accordance with the lm thickness (Fig. S5a and b†). In the AFM image of the perovskite lm
prepared by MAD (Fig. 2i), however, “black pinholes” were not
the real ones since their depths were far less than the thickness
of the lm (Fig. S5c†). These pseudo-pinholes were only small
uctuations on the surface of the lm, and they, in another
aspect, demonstrated the good coverage of the smooth lm. To
investigate the reproducibility of MAD, a batch of 10 perovskite
lms were prepared under the same conditions. Characterized
by AFM, their RMS roughnesses were analyzed and are shown in
Table 1. An average RMS roughness of 1.95 nm indicated good
reproducibility of ultrasmooth surface morphology by the MAD
method.
A relatively high speed of N2 ow is an essential factor to
achieve such a smooth surface morphology.26 Actually, under
a low speed of N2 ow of 400 L h1, the solvent evaporated
slowly, facilitating the migration of the solute in solution and
leading to heterogeneous protruded crystals as well as pinholes
(Fig. S6†). However, with a relatively high speed of N2 ow of 800
L h1, the solvent evaporated quickly in a relatively short time
before solute migration, hence the lm formed smoothly with
neither protruded crystals nor pinholes. In MAD, the N2 blow
acted more as an accelerator for quick volatilization, saturation,
and crystallization than as a protective gas that excluded
Table 1

Average RMS roughness of 10 perovskite ﬁlms prepared by

MAD
Average RMS
roughness (nm)

Individual RMS roughness (nm)
2.11
1.85

1.63
1.43

1.59
2.25

3.45
1.78

1.64
1.82

This journal is © The Royal Society of Chemistry 2016

1.95

moisture and oxygen. For comparison, perovskite lms
prepared in a N2-lled glovebox with only chlorobenzene and
without N2 blow were characterized as well (shown in Fig. S7†).
In a glovebox with N2 acting as a protector alone, the perovskite
lm with chlorobenzene had a RMS surface roughness of
12.4 nm, far larger than that of the lm prepared with a high
speed N2 blow in ambient atmosphere. This might also be
ascribed to the migration of ions in solution that resulted in
overgrown crystals and pinholes. In this way, N2 blow in
ambient atmosphere is not only merely a substitution of the
glovebox, but also a much better access to achieve preeminent
lm surface morphology. To the best of our knowledge, lms
prepared by solution-based MAD have the least surface RMS
roughness to date, even compared with lms prepared by vapor
deposition or ash evaporation.21–23

3.2

Perovskite-based devices

To investigate the eﬀect of perovskite lms prepared by the MAD
method, several batches of perovskite-based solar cells with
MAD perovskite lms of diﬀerent thicknesses were fabricated.
Every batch of devices contained 16 devices and they were all
fabricated and characterized in ambient atmosphere except for
the thermally evaporated silver cathode. The cross sectional SEM
image of the planar heterojunction solar cell is shown in Fig. 2k.
The inverted conguration consists of ITO coated glass, a hole
transport layer of poly(3,4-ethyl-enedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS), a micro-owing anti-solvent
deposited CH3NH3PbI3 perovskite absorber, an electron transport layer of (6,6)-phenyl-C61-butyric acid methyl ester (PC61BM),
a hole blocking layer of 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), and thermally evaporated silver contact (ITO/
PEDOT:PSS/CH3NH3PbI3/PCBM/BCP/Ag). The performance of
devices employing perovskite lms with diﬀerent thicknesses
was investigated under AM 1.5G illumination, and is shown in
Fig. 3 and is summarized in Table 2. Diﬀerent perovskite lm
thicknesses of 130 nm, 200 nm, 350 nm, 420 nm and 500 nm
corresponded to CH3NH3PbI3 solution concentrations of
15 wt%, 25 wt%, 35 wt%, 45 wt% and 55 wt% during MAD,
respectively, as shown in Fig. 4.
For devices with perovskite lms from 130 nm to 350 nm, the
short circuit current density (Jsc) increased from 18.35 mA cm2
to 21.12 mA cm2 with the increase of thickness (Fig. 3a). This
trend was in agreement with the lm’s absorption spectra and
the incident photon-to-current conversion eﬃciency (IPCE)
curves shown in Fig. 3b and d, respectively. Owing to the full
coverage of perovskite lms, the absorbance of light increased
almost linearly with the increase of the perovskite lm thickness. It demonstrated a broad range in the visible spectrum
with the local maximum at 400 nm and the absorption onset at
780 nm, corresponding to the 1.55 eV band gap for this material. From the transmittance spectra in Fig. 3c, we found that
when the lm thickness reached 350 nm, no more than 5% of
the light with wavelength less than 580 nm could pass through
the lm. And almost no transmittance in the wavelength range
of 300–550 nm, where strong absorption occurs, indicated
a high light utilization eﬃciency of perovskite lms prepared by
J. Mater. Chem. A, 2016, 4, 6295–6303 | 6299
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(a) J–V curves of perovskite-based devices. (b) UV-vis absorption spectra of MAD perovskite ﬁlms. (c) UV-vis transmittance spectra of
MAD perovskite ﬁlms. (d) IPCE curves of perovskite-based devices. (e) PCE, Jsc, Voc and FF as functions of perovskite ﬁlms with diﬀerent
perovskite ﬁlm thicknesses. (f) Best performance of devices with PC61BM or PC71BM layers in diﬀerent scan directions.
Fig. 3

Table 2 Average and standard deviation photovoltaic parameters of solar cells with diﬀerent perovskite ﬁlm thicknesses. Parameters of each
group with a certain perovskite ﬁlm thickness were based on 16 devices

CH3NH3PbI3 (nm)

Jsc (mA cm2)

Voc (V)

130
200
350
420
550

18.35 
19.68 
21.12 
20.58 
16.60 

0.81 
0.84 
0.87 
0.84 
0.82 

0.05
0.06
0.03
0.05
0.09

0.02
0.03
0.02
0.04
0.06

FF

PCE (%)

Rs (U cm2)

0.77  0.02
0.77  0.01
0.78  0.01
0.77  0.03
0.76  0.04

11.38  0.15
12.66  0.14
14.33  0.10
13.31  0.19
10.34  0.23

1.03
1.40
1.76
1.32
1.31

MAD from another aspect. Thus, there might be a large amount
of photo-generated carriers oﬀering the potential to achieve
a high Jsc for the device with thick perovskite lms. However,
when the thickness of perovskite lms reached 420 nm and 500
nm, Jsc decreased severely to 20.58 mA cm2 and 16.61 mA
cm2, respectively (Fig. 3e). Although the absorption with
perovskite lms of 420 nm and 500 nm was higher than that
below 350 nm, and the transmittance spectra curves of thick
lms were even lower, photo-generated carriers were probably
conned to ca. 100 nm diﬀusion length in CH3NH3PbI3,27
limiting the quantum yield for the electron injection and electron collection eﬃciency.28 Additionally, it can be calculated
from SEM images that the average particle size did not increase
linearly with perovskite lm thickness (Fig. 4). When the
perovskite lms had thicknesses no more than 350 nm, average
particle sizes were similar to or slightly less than the lm
thickness, meaning that there was basically only one layer of
compact particles in the lm. When the lm thicknesses were
beyond 350 nm, average particle sizes did not augment to the

6300 | J. Mater. Chem. A, 2016, 4, 6295–6303

 0.04
 0.03
 0.02
 0.04
 0.08

Rsh (U cm2)
303  5.79
284  4.95
342  4.22
295  5.34
257  7.28

extent where they commensurate with the lm thicknesses,
suggesting that thick perovskite lms consisted of more than
one layer of compact particles. This situation could be
conrmed from the cross sectional SEM images shown in
Fig. 2k and 4. Having more than one perovskite particle layer
presumably made photo-generated carriers encounter more
grain boundaries in thicker lms with more recombination,
and thusly, made them harder to be completely transported to
and collected by charge transport layers. Unfortunately,
although there was almost one single layer of particles in lms
thinner than 350 nm without much grain boundaries for photogenerated carriers to encounter, the absorbance of light for
such a thin lm was not enough to generate a large amount of
carriers to achieve a high Jsc. On this account, a further decrease
of perovskite lm thickness from 350 nm to 130 nm reduced the
light absorbance and Jsc, while a further increase of them from
350 nm to 500 nm resulted in a declined Jsc and Voc as well.
The FF of devices with diﬀerent perovskite lms thickness,
however, remained at a relatively stable and high level near 0.8.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Average particle sizes with diﬀerent perovskite ﬁlm thicknesses. The insets show the cross-sectional SEM images of perovskite ﬁlms with
increasing thickness on a 180 nm substrate.

The value of the FF reected the existence of interface state
corresponding to electrical and electrochemical losses, which
can be estimated by the series resistance (Rs) and shunt resistance (Rsh).28 Devices with low Rs and high Rsh have good
interfacial contact and less electrical and electrochemical losses, leading to a high FF. For our devices with diﬀerent perovskite lm thickness, the series resistance (Rs) could be obtained
by linearly tting from the J–V curves around the point J ¼ 0 mA
cm2, and the shunt resistance (Rsh) could be extracted around
the point V ¼ 0 V.29 The results are listed in Table 2. With
diﬀerent thicknesses of perovskite lms, Rs varied only from
1.01 U cm2 to 1.96 U cm2, which was in a relatively low level and
Rsh uctuated around 300 U cm2, in accordance with smooth
and full coverage surface morphology. Owing to the superior
lm morphology from MAD with low RMS roughness and full
coverage, good interface contact between perovskite lms and
charge transport layers was obtained. Few defects and less
charge carrier recombination at interfaces were favorable for
photo-generated carrier collection, which led to a relatively high
FF. Given a relatively stable FF, the PCE of devices was mainly
aﬀected by parameters of Jsc and Voc, making the average PCE
around 14.33% with a 350 nm perovskite lm (Fig. 3e). The best
device performance shown in Fig. 3f exhibited a Jsc of 21.02 mA
cm2, a Voc of 0.89 V, a FF of 0.796, and a PCE of 14.89% with
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only 3% hysteresis between forward bias to short circuit (FB–SC)
scan and short circuit to forward bias (SC–FB) scan.
To investigate the impact of air and the annealing process on
perovskite lms and the whole devices, we compared the
absorption of perovskite lms prepared by the MAD method in
four diﬀerent environmental conditions: perovskite lms
prepared in air without the annealing process, perovskite lms
prepared in air with the annealing process, perovskite lms
prepared in the glovebox without the annealing process and
perovskite lms prepared in the glovebox with the annealing
process. Except for the diﬀerent environmental conditions and
the annealing process, all the other conditions were the same
during preparation procedures, and the thickness of perovskite
lms was 350 nm. The absorption spectra of these four kinds of
perovskite lms are shown in Fig. S8.† From Fig. S8,† we could
hardly gure out the diﬀerence between these perovskite lms
prepared in air and glovebox as well as whether they were
annealed or not. These curves indicated that the lms prepared
by the MAD method had good air stability, and the annealing
process had almost no impact on them. Then we compared the
performance of solar cells engaging these four kinds of perovskite lms, as shown in Fig. S9 and summarized in Table S1.†
The PCEs of four kinds of devices were 14.58%, 14.63%, 14.41%
and 14.32%, respectively. Jsc, Voc and FF were almost the same.
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There was hardly any obvious enhancement in the devices with
perovskite lms prepared in a glovebox or with the annealing
process. So we considered that annealing-free perovskite lms
prepared by the MAD method in air had good quality. The
application of the glovebox and the annealing process would
possibly not improve the performance of devices.
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3.3

Device optimization

Once the optimal thickness of the perovskite lm has been
determined, the charge transport layer was optimized to nd
the best performing device. (6,6)-Phenyl-C71-butyric acid
methyl ester (PC71BM) with a higher electron collection eﬃciency was used to replace PC61BM to enhance the photovoltaic performance of devices. A higher electron collection
eﬃciency of PC71BM could be characterized and calculated by
PL quenching measurements, shown in Fig. S10.† When
20 nm PC61BM was deposited on a perovskite lm (glass/
perovskite/PC61BM), PL quenched 87%, indicating that
PC61BM had a good electron collection eﬃciency. As
a contrast, when 20 nm PC71BM was deposited on the perovskite lm (glass/perovskite/PC71BM), PL quenching reached
92%, demonstrating that PC71BM has a higher electron
collection eﬃciency compared with PC61BM. PL quenching
measurements illustrated a better performance of PC71BM as
an ETL than that of PC61BM, and PC71BM with a better electron collection eﬃciency contributed to a better performance
in solar cells, especially in terms of Jsc, as shown in Fig. 3f and
Table 3. Diﬀerent from the PC71BM thickness reported previously of about 140 nm,30,31 we fabricated a PC71BM layer of only
20 nm because of the ultrasmooth perovskite layer in our
devices. 20 nm PC71BM was thick enough to cover all the
perovskite layer and thicker PC71BM would lead to a decrease
of Jsc due to the longer way of electron transport. Devices with
350 nm perovskite lms engaging 20 nm PC71BM as an electron transport layer demonstrated a higher performance than
those with PC61BM. The best PCE of 15.98% with a Jsc of 22.14
mA cm2, a Voc of 0.90 V, and a FF of 0.802 was obtained along
with PC71BM, showing better Jsc, Voc, and FF compared to
those devices with PC61BM.
The device stability with PC71BM was measured without
encapsulation. The stability characterization was based on
a batch of 16 devices, and the average PCE of them is shown in
Fig. S11.† At rst, the average PCE of devices was 15.90%, while
at the end of the test, the average PCE decreased to 14.82%. The
devices showed considerable stability over 400 hours (about
16 days) and maintained 93% of its initial eﬃciency.

Table 3 Best performance of devices with PC61BM or PC71BM layers in
diﬀerent scan directions

ETL

Scan direction

Jsc (mA cm2)

Voc (V)

FF

PCE (%)

PC61BM

FB–SC
SC–FB
FB–SC
SC–FB

21.02
20.69
22.14
21.80

0.89
0.89
0.90
0.90

0.796
0.789
0.802
0.795

14.89
14.53
15.98
15.60

PC71BM
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4 Conclusions
In conclusion, ultrasmooth perovskite lms with full coverage
and superior surface morphology were fabricated by a novel
one-step solution-based micro-owing anti-solvent method in
air. Perovskite lms prepared by MAD were characterized by
XRD, SEM, and AFM, exhibiting a complete deposition reaction,
compact perovskite layers with full coverage, and the smoothest
surface morphology to date. Devices engaging perovskite lms
prepared by MAD demonstrated strong light absorption with
a relatively high Jsc. Superior surface morphology of perovskite
lms gave rise to a stably high FF near 0.80 with low Rs and high
Rsh. By optimizing the electron transport layer, a PCE of 15.98%
was obtained with negligible hysteresis between forward and
backward J–V scans and considerable device stability without
encapsulation. We believe that this solution-based MAD technology will benet highly eﬃcient photovoltaic device fabrication with economically low-cost, operationally low-temperature,
and practically easy-fabrication, as well as perovskite-based
hybrid optoelectronic devices with eld eﬀect transistors and
light emitting diodes.
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