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Small molecule-driven directional movement
enabling pin-hole free perovskite film via fast
solution engineering†

Li-Li Gao, Ke-Jie Zhang, Lin Chen, Ni Chen, Cheng-Xin Li, Chang-Jiu Li and
Guan-Jun Yang *

Organolead trihalide perovskite materials have been widely used as light absorbers in efficient photo-

voltaic cells. Solution engineering is a fast and effective method to fabricate perovskite films. Here, we

report a fast precipitation of a pin-hole free perovskite film by small molecule-driven directed diffusion

engineering. Solvent molecules diffuse easily and quickly by colliding with small molecules, e.g. helium.

Fully compact perovskite films and highly efficient perovskite solar cells are achieved, and the devices

show remarkable stability of ca. 90% original efficiency after more than 1000 hours of testing. The small

molecule driving directed diffusion offers a promising fast precipitation of a perovskite film and highly

efficient, stable perovskite solar cells.

Introduction

Low-cost organometal halide perovskite solar cells have
emerged as a candidate to meet future energy generation
demands because a power conversion efficiency (PCE) of more
than 20% can be obtained only by simple solution-based
processing.1–5 The rapid increase in perovskite solar cell
efficiencies is due to strong optical absorption, long diffusion
lengths, and solution process ability enabled by the relatively
benign nature of intrinsic defects.6–10 Moreover, the wide,
tunable bandgap properties of perovskite materials are highly
attractive for use in multi-junction solar cells on top of nar-
rower bandgap absorbers such as silicon, copper indium
gallium selenide and Sn-containing perovskite.11–14 This pre-
sents a pathway to achieving the goal of perovskite solar cell
industrialization.

Perovskite film precipitation is the key technology for per-
ovskite solar cell fabrication.15–18 Many well-established
“solvent engineering” methods have achieved a compact pin-
hole free perovskite film with excellent optical and transport
properties.19–24 Among them, the air-assisted drying perovskite
film method is an effective morphology controlling process,
which significantly contributes to fast precipitation of the per-
ovskite leading to a very uniform perovskite layer with high

surface coverage.19,25–32 Therefore, it is a prospective method
for industrial preparation of large area perovskite films, and
the processing parameters, such as air flow and temperature,
have been widely investigated.19,29,33 Apparently, solvent evap-
oration is the critical step for fast perovskite precipitation.
Based on fluid mechanics,34 there is a boundary layer at the
interface of the air flow and solution film surface. Air velocity
within the boundary layer is much lower, nearly static. The
gaseous solution molecules must pass through the entire
boundary layer by diffusion to get away from the liquid inter-
face. However, the diffusion of evaporated solution molecules
in the boundary layer is difficult and slow without any external
motivation. Therefore, how to tailor diffusion in the boundary
layer is of great importance for solvent evaporation processing.
Actually, the gaseous solvent molecules (SMs) move in the
boundary layer by continuous collision with gas molecules
(GMs), leading to extremely roundabout paths. It clearly indi-
cates that the collision between SMs and GMs slows the
diffusion of SMs and is therefore the key to tailoring film struc-
tures. Apparently, the collision during the diffusion process is
mainly attributed to the thermal motion of gaseous molecules,
which is extremely complex, irregular and of high frequency
(109 s−1). The route of thermal motion of gaseous molecules is
exceptionally random. As a result, the vast majority of the evap-
orated gaseous solvent molecules are collided back to the
liquid surface, and only a small number of molecules success-
fully escape away from the boundary layer achieving the net
evaporation.

In this study, we report a small molecule-driven preferred
diffusion movement to promote the diffusion of SMs in the
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boundary layer. The collision between solvent molecules and
different gas molecules, i.e. nitrogen (N2) and helium (He), is
different and rarely concerned. When SMs collide with nitro-
gen molecules, the collision times are relatively high; however,
the number of SMs that cross the boundary layer is low.
However, when SMs collide with small helium molecules, the
collision times are lower than when colliding with nitrogen
molecules, and the probability of SMs crossing the helium
boundary layer is nearly four times that of SMs crossing the
nitrogen boundary layer based on our simulation statistical
analysis. The collision of SMs and helium in the boundary
layer is simple and directed, which diffuse outside the bound-
ary layer. The directed collision promotes the diffusion of SMs
in the boundary layer. Thereby, drying a thin solution perovs-
kite film by helium is much faster compared to nitrogen and
has a much lower usage amount. Experimental results illus-
trate that a perovskite film presents a more compact mor-
phology when dried by helium compared to nitrogen. The
efficiency of a perovskite solar cell that employs film drying by
helium is up to 18.44%, and the non-encapsulated solar cell
stability can be more than 1000 hours with 90% original
efficiency.

Experiments
Materials preparation

Iodine methylamine (CH3NH3I), lead iodide (PbI2, 99.99%),
and 2,20,7,70-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spir-
obifluorene (spiro-OMeTAD) were purchased from Xi’an
Polymer Light Technology Corp. Titanium dioxide precursor
solvent was synthesized following the reported procedure. N,N-
Dimethylformamide (DMF, 99.8%) was purchased from
Sinopharm Chemical Reagent Co., Ltd. All materials were used
as received.

Perovskite film and device fabrication

FTO glasses (Pilkington, 15 Ω sq−1) were cleaned with acetone,
ethyl alcohol, and deionized water, successively, in an ultra-
sonic bath for 20 min; then, dried with nitrogen and later
treated with ozone and ultraviolet light for 15 min.
Subsequently, a compact TiO2 layer was prepared. The precur-
sor of TiO2 was prepared according to a previous report.35

Titanium(IV) isopropoxide (Ti[OCH(CH3)2]4, Aldrich, 99.999%,
2 mL) was mixed with ethanolamine (H2NCH2CH2OH, Alfa
Aesar, 98+%, 1 mL) and 2-methoxyethanol (CH3OCH2CH2OH,
Alfa Aesar, 99%, 10 mL), then stirred at 80 °C for 2 h. After
cooling to room temperature, the TiO2 precursor was de-
posited on FTO substrates by spin coating at 4500 rpm for 30 s
and sintered at 80 °C for 10 min and 500 °C for 30 min,
forming a compact layer with ∼50 nm thickness. A dense per-
ovskite film was prepared by the Multi-flow Air Knife (MAK)
method on the TiO2 layer. Perovskite precursor was composed
of PbI2 and CH3NH3I, which were dissolved in a DMF solvent
at a molar ratio of 1 : 1 (40 wt%) and stirred at room tempera-
ture for 12 h. An appropriate 25 µL of perovskite precursor

solution was dropped on the TiO2-coated FTO surface and
spun at 5000 rpm for 5 s; a faint yellow liquid perovskite pre-
cursor film of ∼2 μm thickness was obtained. Subsequently,
the solution films were quickly dried by nitrogen and helium
at different air flow. Then, the dried films were annealed at
100 °C on a hotplate for 10 min. All the abovementioned steps
were conducted under ambient conditions at a temperature of
20 ± 3 °C and humidity of 30% ± 5%. About 25 μL spiro-
OMeTAD solution was spin coated on perovskite films at 3000
rpm for 30 s. Finally, a Au layer was deposited by thermal evap-
oration to complete the device fabrication.

Measurement and characterization

The morphologies of the perovskite films were examined by
scanning electron microscopy (SEM, VEGA II-XMU, TESCAN,
Czech Republic) and atomic force microscopy (AFM, Veeco
diInnova, Bruker, America). J–V curves of the perovskite solar
cells were measured by a Keithley 2400 source-measure unit
under the illumination of simulated sunlight, provided by a
450 W Class AAA solar simulator equipped with a filtered Xe
lamp, (AM 1.5G, 100 mW cm−2, Sol3A, Oriel Instruments). The
output light intensity was calibrated using a single-crystal
silicon photovoltaic cell as the reference (91150V, Oriel
Instruments). The cells were measured with a non-reflective
metal mask covering areas of 0.1 cm2 to receive sunlight and
avoid light scattering through the edges.

Results and discussion
Small molecules driven directed diffusion movement in the
helium boundary layer

Based on fluid mechanics theory,36,37 a boundary layer forms
when air flow sweeps the liquid film surface because of viscid-
ity and friction. The transverse fluid velocity in the boundary
layer is much lower than that in the mainstream, and the verti-
cal velocity is nearly zero in the lamellar flow. During evapor-
ation processing, the solvent molecules generally undergo the
following three stages. First, solvent molecules conquer the
molecules’ binding force in the liquid surface and enter the
boundary layer, as shown in Fig. 1a-I. Second, the gas SMs
cross the boundary layer by repeatedly colliding with the GMs,
as shown in Fig. 1a-II. Third, SMs enter the mainstream and
are quickly taken away by high speed air flow, completing a
solvent molecule evaporation process, as shown in Fig. 1a-III.
In the entire evaporation process, the diffusion of SMs along
the thickness direction of the boundary layer is the slowest,
thereby becoming the controlling step. However, SMs’
diffusion in the boundary layer is fulfilled by repeatedly collid-
ing with GMs. Therefore, accelerating the vertical collision will
significantly promote solvent evaporation.

Apparently, the collision between SMs and GMs in the
boundary layer is random. However, no matter how complex
the collision is, the final collision result is nothing but two
types: one is that SMs cross the boundary layer and another
result is that SMs return back to the liquid surface, as shown
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in Fig. 1b. It is well known that a bullet can fly in a straight
line without changing route because of the tremendous
density difference between the bullet and the air molecules.
Similarly, air molecules colliding with the bullet has almost no
effect on bullet’s route because the force resulting from the
collision of air molecules is much lower than the bullet inertia
force, as shown in Fig. 2a. Based on this inspiration, we con-
ducted a SM collision with another type of GM, which is much
lighter in mass and smaller in size than that of the SMs. In
this manuscript, we choose DMF as the SM and helium as the
lighter and smaller GM, which can be compared with conven-
tionally used nitrogen. As a result, the collision conditions
were much different, as shown in Fig. 2b and c. The route of
SMs colliding with nitrogen is tortuous (Fig. 2b), while being
quite direct with helium (Fig. 2c).

To investigate the collision between SMs and two types of
GMs in the boundary layer, Monte Carlo simulation was per-
formed. DMF molecules are SMs, whereas helium and nitro-

gen molecules are GMs. The collision occurs vertically in the
boundary layer. The simulation conditions and process are
illustrated in ESI:† the relevant parameters are calculated and
shown in Tables S1 and S2† and the simulation model is also
shown in Fig. S1.† First, we record the collision route of nitro-
gen and helium molecules, as shown in Fig. 3a and b. The col-
lision route in the nitrogen boundary layer is complex and cir-
cuitous. It needs to collide seven hundred thousand times to
cross the nitrogen boundary layer, of which the thickness is
70 μm (the boundary layer of nitrogen and helium are calcu-
lated, as shown in ESI;† at the same conditions, the nitrogen
boundary layer is 70 μm, while the helium boundary layer is a
much larger (120 μm) because of the much smaller density).
The collision between the nitrogen molecule and the SM is
complicated, resulting in SM movement without direction.
This indicates that SMs need to collide many times to cross
the nitrogen boundary layer, whereas the collision route in the
helium boundary layer is clear and direct and the number of
collisions is only sixty thousand. In addition, the helium
boundary layer is 120 μm, which is much thicker than the
nitrogen boundary layer. However, the solvent molecules take
a relatively straightforward path to escape the helium bound-
ary layer compared to the nitrogen boundary layer. In order to
have an intuitional comparison about the collision in the
helium and nitrogen boundary layers, videos were made, as
shown in ESI† (because of the limitation in showing time, the
video of the collision with helium is recorded every 250 col-
lision times and 1500 collision times with nitrogen due to the
long showing time). The colliding between small helium mole-
cules and SMs is slight, resulting in SM movement directly out
of the boundary layer. Thereby, the collision times are much
lower.

We made 5 × 105 SM evaporations from the liquid film
surface, and statistically counted the number of SMs that suc-
cessfully crossed the boundary layer. Every SM experienced fre-
quent collision with GMs. As shown in Fig. 3c, the collision
times in the nitrogen boundary layer is widely distributed
from dozens to nine hundred thousand. In the helium bound-
ary layer, the collision times mainly concentrate on 100 to 300
thousand. This illustrates that the SM collision times are
much lower in the thicker helium boundary layer than in the
thinner nitrogen boundary layer. Moreover, the total number
of SMs crossing the boundary layer is also counted, as shown

Fig. 1 Schematic of (a) the structure distribution of air flow and the liquid film and (b) the solvent molecule’s diffusion in the boundary layer.

Fig. 2 Molecule collision analyzation: (a) a bullet flying, (b) solvent
molecule colliding with a nitrogen molecule, and (c) solvent molecule
colliding with a helium molecule.
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in Fig. 3d. The SM number crossing the helium boundary layer
is nearly four times of the SM number crossing the nitrogen
boundary layer. It can be concluded that solvent evaporates
more quickly when drying by helium than by nitrogen.

All the abovementioned results illustrate that SMs can
easily cross the thicker helium boundary layer, while it is
difficult for SMs to cross the thin nitrogen boundary layer. The
number of SMs out of the helium boundary layer is nearly four
times that of the nitrogen boundary layer, and the collision
times is much lower in the thicker helium boundary layer than
in thin nitrogen boundary layer. Therefore, we can conclude
that drying a liquid perovskite film by helium is much faster
than by nitrogen.

Dependence of perovskite film properties on the drying gas

Based on the former simulation statistical results, the evapor-
ation rate of perovskite film drying by helium is much faster
than by nitrogen. In order to certify the results, we conducted
experiments in which a liquid perovskite film was dried by
helium and nitrogen, respectively. To compare two types of gas
air-flow directly, we define Q as the air flow value at working
condition (P = 1.013 × 105 Pa, T = 293 K).

First, we optimized the best air flow value of nitrogen, as
shown in Fig. 4. The drying of perovskite films by nitrogen
presents dendrite grains and pin-holes morphology until an
air flow value of 475 LPM. When Q is 110 LPM, the grain
size can be up to several micrometers and the crisscrossed
dendrites form some pin-hole, with a size of several
micrometers, as shown in Fig. 4a. Subsequently, when Q
increases to 260 LPM, the size of the perovskite dendrite
gains is reduced and the pin-holes are tightly arranged,
which is adverse to the perovskite solar cell, as shown in
Fig. 4b. Until Q increases to 475 LPM, the film forms a
compact morphology without the pin-hole, as shown in
Fig. 4c. As we previously reported, more air flow can increase
the liquid film crinkle. Therefore, 475 LPM is the optimized
value that can achieve a compact film without excess.
Furthermore, the optimized perovskite film was measured
by AFM for surface roughness, as shown in Fig. 4d; the RMS
of perovskite film drying by nitrogen is 10.23 nm at the
random area of 10 × 10 μm2, which is comparably uniform
with even small scanning area.20,38,39 Moreover, increasing
Q continually is not a smart way because of the arousing
solution film wave.33

Fig. 3 Simulation statistical results of the collision between SMs and GMs. The collision route of SMs in the nitrogen (a) and the helium (b) boundary
layer, respectively, (c) the collision times distribution between SMs and GMs, and (d) the proportion of SM numbers out of the boundary layer.
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In addition, we set Q as 105, 140, and 170 LPM to dry the
perovskite film by helium, as shown in Fig. 5. It is worth
noting that a perovskite film can achieve a compact and pin-
hole free morphology only by 140 LPM helium at the same
condition, whereas nitrogen needs at least 475 LPM. Even if Q
is 105 LPM of helium, there are only several tiny pin-holes on
the film, as shown in Fig. 5a. It can be accounted that solvent
molecules cannot be completely removed in a short time.
Moreover, when Q of helium is 140 LPM or larger, the film
morphology is absolutely compact, as shown in Fig. 5b and c.
In addition, the AFM morphology of perovskite film drying by
140 LPM is shown in Fig. 5d. The RMS is 8.56 nm at the
random area of 10 × 10 μm2, which is smoother than that of a
film dried by nitrogen. In addition, increasing Q can achieve a

void-free perovskite film but wastes gases. Therefore, a lower
air flow of helium can achieve a compact and smooth perovs-
kite film.

In summary, it can be concluded that a perovskite film can
achieve a compact morphology with a small amount of
helium, of which the usage is 0.29 of nitrogen. The experiment
result is well consistent with that by Monte Carlo simulation
which reveals the number of SMs out of the nitrogen boundary
layer is 28% of helium boundary layer. It can be noted that
small helium molecules would not significantly change the
SMs’ diffusion direction. They can drive SMs’ diffusion
quickly. Subsequently, solvent evaporation is faster. Therefore,
drying liquid perovskite film by helium is much faster than by
nitrogen, and the usage of helium is much less than nitrogen.

Device performance

To demonstrate that our pore-free CH3NH3PbI3 (MAPbI3) film
would be an efficient light harvester for solar cells, we pre-
pared a simple device structure using typical TiO2 as electron
transport layers (ETL) and spiro-OMeTAD as a hole transport
layer (HTL). The device planar heterojunction structure is dis-
played in Fig. 6a. Perovskite films were dried by nitrogen with
optimized air flow (475 LPM), and helium with the lowest air
flow (140 LPM), which can achieve a compact morphology.

Fig. 6b shows the J–V cures of the typical devices. The
power conversion efficiency (PCE) of the helium drying film-
based device is 18.440% with an open circuit voltage (Voc) of
1.094 V, short circuit current density ( Jsc) of 22.717 mA cm−2

and fill factor (FF) of 0.742. The nitrogen drying film-based
device achieved a slightly lower efficiency of 17.613%, with a
relatively lower Voc of 1.085 V, Jsc of 22.298 mA cm−2 and FF of
0.728. We attribute the electrical performance difference to the
more compact perovskite films. Furthermore, the devices were
measured with different scanning direction and rates, as
shown in Fig. S2a.† The steady state PCEs of helium- and nitro-
gen-based devices were measured at its maximum power point
as a function of time at the forward bias 0.881 and 0.862 V,
respectively. Device efficiency was reduced slightly because of
the hysteresis effect, as shown in Fig. S2b and c.† In addition,
the devices have highly reproducibility. The statistical distri-
bution of photovoltaic parameters on 40 devices is shown in
Fig. 6c, and the average photovoltaic parameters are summar-
ized in Table S3.† Basically, the parameters of helium-based
devices are better than nitrogen-based devices because of the
excellent perovskite films.

In spite of the high photovoltaic efficiency, one major
concern is whether perovskite solar cells are durable enough
for terrestrial applications.5,40,41 We therefore investigated the
stability of devices incorporating the pore-free perovskite
absorbers. All cells without encapsulation were tested in
ambient air (30% ± 5% humidity; 20 ± 5 °C) and stored in a
drying oven without measuring the stability, as shown in
Fig. 6d. In terms of PCE, the helium drying film-based device
can be retained for more than 1000 hours with about 90%
original efficiency. Even the device based on nitrogen drying
film can retain 80% original efficiency. This illustrates that a

Fig. 5 (a–c) SEM morphologies of perovskite film drying by helium at
105, 140, and 170 LPM, respectively; (d) AFM morphologies of perovskite
film drying at 140 LPM by helium.

Fig. 4 (a–c) SEM morphologies of perovskite film drying by nitrogen at
110, 260, and 475 LPM, respectively; (d) AFM morphologies of perovskite
film drying at 475 LPM by nitrogen.
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more compact perovskite film is favourable for device lifetime
because of the difficult decomposition.40 The degradation of
key photovoltaic parameters, i.e., Jsc, Voc and FF versus time, is
also summarized. It is worth noting that Voc is almost about
1.10 V showing little degradation. Jsc declines to about 86% of
the original. FF shows different degradation for two types of
devices. FF of the helium drying film-based device is stable all
the time, whereas FF of the nitrogen drying film-based device
declines to 90% of the original. Therefore, we can conclude
from the above that a more compact perovskite film is favour-
able for device stability. The decay of the devices is mainly
aroused by the decomposition of perovskite films, resulting
from moisture or temperature.5 Thereby, devices were further
measured and stored directly at a more strict ambient environ-
ment. As shown in Fig. S3 and S4,† devices without any encap-
sulation degraded more seriously with an increase in humidity
and temperature.

Conclusions

In the present study, we explored, for the first time, a small
molecule (helium) driving directed diffusion movement in the
boundary layer, which significantly promotes fast precipitation
of pin-hole free perovskite film. The Monte Carlo simulation

results show that the number of SMs out of the helium bound-
ary layer is nearly four times that of the nitrogen boundary
layer, and the collision times with helium molecules are much
lower than nitrogen molecules. SMs’ collision with helium
molecules in the helium boundary layer presents a directed
outside phenomenon, which significantly promotes solvent
evaporation, while collision with nitrogen molecules is quite
complex and circuitous. Moreover, the experimental results
show that a fully compact and smooth perovskite film is easily
achieved by drying with helium with less usage. We applied
this helium-drying-based light absorber in a planar hetero-
junction structure solar cell for the initial trial and achieved a
power conversion efficiency of 18.44%. Our device also shows
excellent enduring stability in ambient environment; it main-
tains 90% of the original efficiency after more than
1000 hours. The reason can be attributed to the compact per-
ovskite film. The small helium-driven directed diffusion move-
ment provides a promising solvent engineering fast perovskite
film precipitation.

Conflicts of interest

The authors declare no competing financial interest.

Fig. 6 (a) Structure of the planar heterojunction perovskite solar cells, (b) J–V curves of the solar cells employing perovskite film drying by nitrogen
and helium, (c) statistical distribution of photovoltaic parameters extracted from J–V measurements of 40 number devices under simulated AM 1.5
(100 mW cm−2) illumination; the data are represented as a standard box plot with Voc, Jsc, FF, and PCE, and (d) stability of a device in an ambient
environment without encapsulation.
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