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ABSTRACT The fast-growing procedure (FGP) provides
a simple, high-yield and lead (Pb)-release free method to
prepare perovskite films. In the FGP, the ultra-dilute per-
ovskite precursor solution is drop-cast onto a hot (~240°C)
substrate, where a perovskite film grows immediately ac-
companied by the rapid evaporation of the host solvent. In
this process, all the raw materials in the precursor solution
are deposited into the final perovskite film. The potential
pollution caused by Pb can be significantly reduced. Proper-
ties of the FGP-processed perovskite films can be modulated
by the precursor composition. While CH;NH;Cl (MACI)
affects the crystallization process and leads to full surface
coverage, CH(NH).I (FAI) enhances the thermal stability
of the film. Based on the optimized precursor composition
of PbL,-(1-x)FAI-xMACI, x=0.75, FGP-processed planar het-
erojunction perovskite solar cells exhibit power conversion
efficiencies (PCEs) exceeding 15% with suppressed hysteresis
and excellent reproducibility.

Keywords: fast-growing procedure, lead-release free, precursor
composition, surface coverage, thermal stability

INTRODUCTION

Since the first use of hybrid organic-inorganic perovskites
(HOIPs) as light absorbers in solar cells in 2009 [1],
tremendous efforts have been devoted to improving the
power conversion efficiencies (PCEs) of perovskite solar

cells (PSCs) [2-12]. Now, the record PCE of PSCs has
exceeded 20%, which represents unprecedented promise
in the commercialization [13,14]. The rapid rise of PSCs
is owing to the outstanding optoelectronic properties of
these HOIPs, including tunable bandgaps, high absorption
coefficients and long carrier diffusion lengths [15-17].
However, to-date, most high-PCE PSCs contain soluble
lead (Pb), which has drawn significant environmental con-
cern. Pb can be released from the fabrication and the de-
ployment of PSCs [18]. For the latter, considering only a
few hundred nanometer thick HOIP thin films are assem-
bled in the PSCs, the amount of Pb that could be released
is very small (~0.4g Pb in a 1 m? panel), and the amount
of soluble Pb that could possibly be released into the en-
vironment is even smaller [19]. Moreover, such Pb re-
lease can be possibly mitigated by proper encapsulation and
recycling strategies [20]. However, the Pb release during
the fabrication of PSCs is rarely addressed. While numer-
ous HOIP thin-film deposition techniques have been devel-
oped for fabricating high-PCE PSCs [2,3,9,21-27], the en-
vironmental impact of these techniques has not been evalu-
ated. In particular, in the most commonly-used spin-coat-
ing based solution methods, only a very small portion of
the Pb-containing precursor materials are deposited into
the final HOIP thin films, while the remainder is spun off
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[3,7,8,21,22]. A simple calculation (see Supplementary in-
formation) reveals that, the amount of Pb in the resultant
HOIP film is typically less than 2% of that in the precur-
sor solution [8,26]. Thus, ~98% of Pb is wasted during the
spin-coating process, which is difficult to dispose oft or re-
cycle. This is a serious pollution as well as a health risk
to the future industrial workers. Besides, the waste of raw
materials significantly adds to the fabrication cost of PSCs.
Similar Pb-release issue also exists in other HOIP fabrica-
tion methods, such as blade coating and chemical vapor
deposition. In this context, a Pb-release free, high-yield
method for high-quality HOIP films is highly demanded.

Here, a fast-growing procedure (FGP) is introduced
to address this issue. In the FGP, the concentration of
the perovskite precursor solution is 0.01 molL™, which is
~1/100 of that in other conventional solution methods.
The hot perovskite precursor solution is drop-cast onto a
hot (~240°C) substrate, where a compact perovskite thin
film grows in seconds accompanied by the rapid evapora-
tion of the host solvent. No spin-coating or post-annealing
treatment is needed. In contrast to other conventional
solution methods, the utilization of precursor materials
in this process is ultrahigh. Almost all the Pb in the de-
posited precursor solution presents in the final perovskite
film in the FGP, reducing the cost and potential Pb pol-
lution in the PSC fabrication [27]. However, we found
that, using the conventional stoichiometric Pbl,-CHsNHslI
(MALI) precursor solution (in dimethylformamide (DMF)),
the FGP-processed PSCs showed poor current density
(D-voltage (V) performance, severe hysteresis and limited
reproducibility. This may be attributed to two reasons: i)
The crystallization of MAPbI; at high temperature (240°C)
does not lead to desirable microstructures for PSC opera-
tion [28]; ii) pure MA-based HOIPs can easily decompose
at 240°C, which makes the processing window for the
Hence, the
composition of perovskite precursor solution needs to be
tailored for the success of the FGP. In this study, we re-
placed MAI with a mixture of MACIl and CH(NHx),I (FAI)
with the same molarity in the precursor solution, form-
ing the precursor composition of Pbl,-(1-x)FAI-xMACI,
0<x<1. While MACI can modulate the film crystallization
dynamics, FAI can enhance the thermal stability and ex-
tend the absorption range of the as-deposited HOIP films
[6,29]. By tuning the value of x, high-quality HOIP thin
films with desirable microstructures and optoelectronic
properties can be reproducibly fabricated through the
simple and high-yield FGP.

phase-pure HOIP films very narrow [21].
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EXPERIMENTAL SECTION

Materials and substrate preparation

MAI was synthesized from CH:;NH, and HI using the
procedure reported in the literature [10]. FAI was
synthesized from CH(NH.),COOH and HI accord-
ing to the reported literature [29]. Lead iodied (Pbl,)
was purchased from Sigma Aldrich (China). 2,2',7,7'-
tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9’-spirobiflu-
orene (Spiro-OMeTAD) was purchased from SunaTech
(China).
(CB), were purchased from commercial sources (Acros,
China) and used as received. Pre-patterned fluorine doped
tin oxide (FTO) glasses (7 Q/sq) were purchased from
OPV-Tech (China).

All liquid reagents, DMF and chlorobenzene

Solar cell fabrication

The pre-patterned FTO-coated glass substrates were se-
quentially cleaned with diluted detergent, deionized water,
acetone, and isopropanol (IPA), and treated in a UV-ozone
cleaner for 7min. The TiO; layer was deposited by spin
coating the TiO, precursor solution at 3000 rpm for 605 fol-
lowed by heating at 500°C for 30 min [30]. Then the TiO,
film and perovskite precursor solution were placed at the
center and corner of a 240°C hot plate, respectively. About
60 uL of the hot perovskite precursor solution was dropped
onto the hot TiO; film. Driven by the high temperature,
the solvent would evaporate in 3-4s, and thus a dark film
formed immediately. As soon as the film turned dark, it
was transferred from the hotplate onto a cold metal board
to cool down. The p-type spiro-OMeTAD (80mg), 17.5 uL
of lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI)
solution (520mg of Li-TFSI in 1 mL of acetonitrile) and
28.5 L of 4-tert-butylpyridine all dissolved in 1mL of
CB) was then coated on perovskite active layer as the hole
transporting layer. Finally, 80nm of gold (Au) was evapo-
rated onto the device through a shadow mask. Active area
of the cell is 0.09 cm?®.

Characterizations

The solar cells were illuminated under 100mW cm™ by
a 150 W Class AAA solar simulator (XES-40S1, SAN-EI)
with an AM 1.5G filter. Light intensity of 100 mW cm™ was
determined by a standard monocrystal silicon (Si) photo-
diode calibrated by the Newport TAC-PV lab. The J-V
curves were measured using a Keithley 2400 source-mea-
sure unit. The devices were measured under ambient con-
ditions without encapsulation (temperature ~20°C, humid-
ity ~30%).
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Scanning electron microscopy (SEM) images were col-
lected by an FEI Nova NanoSEM 430 field-emission SEM.
The film thicknesses were measured by stylus profilometry
(Bruker Dektak XT). The 2D X-ray diffraction (XRD)
patterns were obtained using an X-ray diffractometer (D8
Advance, Bruker, Germany) with 2D detector (Vantec 500)
using Cu Ka radiation, with 0.02° step and 2 s/step dwell.
Conducting atomic force microscope (c-AFM) images
(MFP-3D Origin, Oxford Instruments, UK) were collected
using an electrically-conductive diamond-coated tip in
contact mode. Current maps of the perovskite films were
captured, using 256 scan lines and 256 scan points, with a
scan rate of 0.5Hz for each image. The film thickness was
measured by stylus profilometry (Bruker Dektak XT).

RESULTS AND DISCUSSION

Morphology

Fig. 1la schematically shows the FGP method. First, the
dilute HOIP precursor solution in DMF with a composi-
tion of Pbl,-(1-x)FAI-.xMACI and the dense TiO,-coated
FTO substrates were kept on the same hot plate at 240°C.
Then, ~60 pL of the hot precursor solution was drop-cast
onto the hot substrate. Due to the high temperature, the

Precursor solution

Pbl-(1-X)FAI- XMACI

0.50 1.0

solvent evaporated rapidly, leaving a dark film on the sub-
strate in 4s. The hot substrate was then immediately re-
moved from the hot plate and quenched on a cold metal
plate, allowing the cooling of the HOIP film. Fig. 1b shows
the optical microscopy (OM) images of the FGP-deposited
HOIP films from Pbl,-(1-x)FAI-xMACI precursors for x=0,
0.25, 0.5 and 1, respectively. In the case of x=0, full-cov-
erage HOIP films cannot be obtained. With the increase
of x, the coverage of the HOIP film improves significantly.
When x=0.5, full-coverage HOIP films with large (millime-
ter-scale) grain clusters can be observed under the OM.
With further increase in x, the morphologies of the HOIP
films appear similar under the OM.

To reveal the detailed microstructures of these HOIP
films from PbL-(1-x)FAL-xMACI precursors with 0.5<x<1,
SEM images were tested and shown in Fig. 2a-d. It is
clear that the grain clusters observed in the OM are not
single-crystals but rather composed of sub-micrometer
grains. For x=0.5, pinhole defects that are not visible in the
OM can be seen in the SEM image in Fig. 2a. However,
when x is increased to 0.75 or beyond, no obvious pinholes
are observed. SEM images of this film under a series of
resolutions were tested and shown in Fig. S1 in the Sup-
plementary information, revealing the full coverage of the

Hybrid perovskite

thin films

1 mm 1 mm
0

X

Figure 1 (a) Schematic of the fast-growing procedure. (b) Optical microscopy images of perovskite films from different precursor solutions.
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Figure 2 (a-d) Top view SEM images of the perovskite films derived from the precursor composition of PbL,-(1-x)FAI-xMACI with different x values;
(e) the cross-sectional SEM image of the perovskite film derived from PbI,-(1-x)FAI-xMACI (x=0.75); (f) the relationship between the average grain
sizes and x values; (g, h) AFM images of perovskite films derived from PbI,-(1-x)FAI-.xMACI (x=0.75) and PbL,-MACL

HOIP film on the TiO, substrate. The uniformity and
compactness of this HOIP film were further confirmed by
the cross-sectional SEM image in Fig. 2e. The origin and
elimination of the pinholes in the HOIP films are closely
related to the grain size. The average grain size of the HOIP
films with x=0.50, 0.75, 0.88 and 1.00 were measured with
image analysis approach and the results are shown in Fig.
2f[31-33]. Asseen in Fig. 2f, with the increase of x (MACI
content in the precursor solution), the grain size decreases
gradually. This is consistent with the fact that MACI mod-
ifies the crystallization kinetics of HOIPs, as previously
studied in literatures [34,35]. In the FGP, the presence of
MACI affects the nucleation and crystallization, leading
to a better morphology in HOIP thin films. Fig. 2g, h
show the 3D AFM images of the thin films derived from
precursor solutions of Pbl-(1-x)FAI-xMACI with x=0.75
and 1.00, respectively. The apparent grain sizes of the
films are similar to those observed in SEM images. The
root-mean-square (RMS) roughness for x=0.75 (26 nm) is
slightly higher than that for x=1.00 (20nm), which should
be expected given that deeper grooves usually form be-
tween larger crystal grains [28]. These above results
confirm the significance of the composition, especially the

July 2017 | Vol.60 No.7

MACI fraction, in the fabrication of desirable thin-film
microstructures in the FGP. In addition to composition,
the morphologies of the FGP-deposited HOIP thin films
are also dependent on the concentration of precursor
solutions. As seen in Fig. 2e, in the most typical deposition
process (using 0.01 molL™" Pbl,-(1-x)FAL.xMACI, x=0.75,
DMEF solution), a HOIP thin film with a uniform thickness
of about 600 nm forms on the substrate.

In the FGP, a precursor-solution volume of 60 pL is found
to be necessary to fully cover the substrate with an area of
1.5cm x 1.5cm. Since almost all the precursors are de-
posited into the HOIP film, the overall thickness of the
HOIP film is determined by the precursor-solution concen-
tration, as tested by the stylus profilometry and illustrated
in Table S1 (in Supplementary information). Extremely
dilute (<£0.01molL™") precursor solutions may lead to in-
complete coverage of perovskites on the substrate, which is
typical for Volmer-Weber crystallization of perovskite thin
films from the solution [28].

Thermal stability

Fig. 3a, b shows the ex-situ 2D XRD patterns of the films
derived from precursor solutions of Pbl,-(1-x)FAI-.xMACI
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Figure 3 (a) 2D XRD spectra of the FGP-deposited HOIP film derived from PbI,-(1-x)FAL-.xMACI, x=0.75 with different heating durations, the arrow
points to the (110) reflection peak; (b) 2D XRD spectra of the FGP-deposited HOIP film derived from Pbl-(1-x)FAI-xMACI, x=1.00 with different
heating durations; (c) XRD patterns of the FGP-deposited HOIP films with a heating duration of 4s.

with x=0.75 and 1.00, respectively. The films were prepared
with the FGP and taken away from the hot plate at differ-
entt. tis defined as the heating duration before the films are
quenched. 2D XRD characterization aims at evaluating the
stability of the FGP-deposited HOIP films. As seen in Fig.
3a, for both x=0.75 and 1.00, the XRD patterns suggest that
crystallization of HOIPs completes at t=4s during the FGP.
Prolonged ¢ (10s) results in significant decomposition of
HOIP films for x=1.00, whereas only negligible PbI, forma-
tion is observed for x=0.75. The integrated XRD patterns
from Fig. 3a, b (t=4s) show a shift of the HOIP character-
istic peak from 26=14.2° to 14.0°, confirming the incorpo-
ration of FA* cation in the HOIP crystal. And the FA*-con-
taining HOIP film shows significantly enhanced thermal
stability. It survives longer at 240°C in the FGP.

Photovoltaic performance

The PSC performances were further studied for the FGP-
deposited HOIP thin films based on the precursor compo-
sition of Pbl,-(1-x)FAI-.xMACI with different x values. The
average values of the photovoltaic parameters are listed in
Table 1. Distributions of the photovoltaic parameters are
shown in Fig. 4. The PSCs employ a regular structure with
HOIP thin films sandwiched between FT'O/compact-TiO;
anodes and spiro-OMeTAD/Au cathodes. When x<0.5, no
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photovoltaic effect in PSCs is observed. This is consistent
with OM results in Fig. 1b. Many micro-scale pinholes ex-
ist in the HOIP thin films, which lead to unexpected con-
tacts between the spiro-OMeTAD and TiO,. For x=0.5, a
modest device performance is observed, which is attributed
to the presence of nanoscale pinholes in HOIP thin films.
When x=0.75, the PSC achieved the highest average PCE
of 14.6% with an open circuit voltage (Vo) of 0.97V, a short
circuit current density (Ji) of 22.8mAcm™ and a fill fac-
tor (FF) of 0.66. With the increase of x, the surface of the
HOIP film is more and more compact, while the grain size
is smaller and smaller. In general, large grains are favor-
able for charge transporting in the HOIP films due to the
low grain boundary density [36]. Therefore, when the sur-
face of the HOIP film is compact enough, further increase

Table 1 Average values of the photovoltaic parameters of perovskite solar
cells derived from various precursor compositions

PbL, + (FAD)1-«(MACl), Voo (V) Je(mAcm™) FF  PCE (%)
x=0 0 0 0 0
x=0.5 0.99 17.5 0.47 8.13
x=0.75 0.97 22.8 0.66 14.60
x=0.88 0.98 18.9 0.54 10.37
x=1.00 0.97 18.3 0.49 8.70
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Figure 4 Distribution of the photovoltaic parameters of perovskite solar cells based on Pbl,-(1-x)FAI-.xMACI with different x values.

of x only leads to small grains, which lower the over-
all photovoltaic performance. From Fig. 4, it is found
that the reproducibility of photovoltaic performance is
also the best when using a precursor composition of
PbL-(1-x)FAI-xMACI, x=0.75. Wider variations in pho-
tovoltaic parameters are observed when x>0.75 or x<0.75.
The former can be attributed to the poor thermal stability
in FA*-less HOIPs as shown in Fig. 3a, b, while the latter
can be explained by the incomplete HOIP film coverage as
shown in Fig. 2a.

The champion device derived from Pbl,-(1-x)FAI-xMA-
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Clwith x=0.75 shows a PCE 0f 15.2% with an V,0f0.98V, a
Jic of 22.8 mA cm™ and an FF of 0.68 (Fig. 5a). The stea-
dy-state output of this PSC at the maximum power point
(V=0.78V) is shown in Fig. 5b. The photocurrent density
(J) stabilizes at 17.8 mA cm™, yielding a stabilized PCE of
13.9%. Incident photon-to-current conversion efficiency
(IPCE) spectrum was recorded for this PSC (Fig. S2 in
Supplementary information), showing an integrated Ji. of
21.6mA cm™?, approaching the value extracted from the J-V/
curve.
It is also interesting that the PSCs fabricated using the
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Figure 5 (a) J-V curve of the champion device; (b) stabilized output of the photocurrent density and PCE at the maximum power point (V=0.78 V).
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Figure 6 (a) J-V curves under different scan directions of perovskite solar cells based on Pbl,-(1-x)FAI.xMACI, x=0.75 amd MAPbI;; (b) J-V curves
under different scan directions performed on a single perovskite grain for both samples with c-AFM.

FGP with the optimized composition of Pbl,-(1-x)FAI-
xMACI, x=0.75, show suppressed hysteresis in the J-V
response, as shown in Fig. 6a. For comparison, a control
PSC based on the regular MAPbI; composition was also
examined. The FGP-deposited MAPDI; film exhibits a
similar desirable morphology (Fig. S3 in Supplementary
information). However, significant J-V hysteresis is ob-
served for the relevant PSC. To gain more understanding
about the origin of these differences, J-V scans in forward
and reserve directions (in dark) were performed on a
single grain of the HOIP films using c-AFM, as shown in
Fig. 6b. The J-V hysteresis in Fig. 6b from the c-AFM
measurements is consistent with that in Fig. 6a from the
PSC measurement. This indicates that the origin of the
hysteresis could be primarily from the intrinsic electronic
properties of the HOIP grains. Therefore, tailoring the
composition of the HOIP grains by tuning the precursor
composition is key to suppressing the hysteresis in PSCs
fabricated with the FGP.

CONCLUSION

In closing, the FGP enables the deposition of high-quality
HOIP thin films with precursor solutions at very low con-
centrations (~0.01 molL™"). All the Pb-containing materi-
als are deposited into the final perovskite films. The Pb re-
lease in the fabrication of PSCs can be avoided. Character-
istics (compactness, grain size, thermal stability, etc.) of the
HOIP thin films are significantly determined by the precur-
sor composition. Based on the optimized precursor com-
position of Pbl,-(1-x)FAI-.xMACI, x=0.75, the best-quality
FGP-deposited films are obtained. PSCs made with the
optimized precursor composition deliver PCEs exceeding
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15% with suppressed hysteresis and high reproducibility.
The success of the FGP represents a new direction for stud-
ies towards high-yield, low-cost fabrication of PSCs.
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