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It is very significant to understand the formation of perovskite crystals from the precursor solution and
construct high-quality films to achieve highly efficient perovskite solar cells (PSCs). Here, we have
revealed a colloidal strategy to prepare compact monolayer perovskite films by controlling the size of
colloidal clusters in the perovskite precursor. Under the action of the coordination interaction, the
introduction of CH3zNH3Cl (MACL) into the standard perovskite precursor significantly increases the size
of colloidal clusters. Meanwhile, N-dimethyl sulfoxide (DMSO) is further employed to stabilize the
characteristics of the colloidal clusters and improve the reproducibility of the anti-solvent method. The
large colloidal clusters can be orderly arranged on the substrate by spin-coating to form intermediate

phase monolayer films, which grow to form large grains with an average size of 3 um. Due to the much
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Accepted 1st November 2017 lower trap-state density and higher crystallinity of the monolayer perovskite films, a power conversion
efficiency (PCE) of 19.14% has been achieved. This study sheds light on the conversion mechanism of

DOI: 10.1039/c7ta08761f perovskite crystals from the colloidal precursor to solid films, and paves the way for further improvement
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Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs) have
recently attracted enormous interest with power conversion
efficiency (PCE) rising from 3.81% to over 20%.“* Such rapid
evolution of PCE is mainly attributed to the strong optical
absorption, low exciton binding energy, long free carrier diffu-
sion length and unique defect tolerance of organic-inorganic
hybrid perovskite materials.>* As one of the advantages for
PSCs, organic-inorganic hybrid perovskite films can be
prepared by cost effective methods, such as low temperature
solution processes.®” For solution processes, how to obtain high
quality perovskite films with high coverage, desired crystal
morphology, excellent crystallinity and fewer defects is regarded
as one of the pivotal factors for high performance PSCs.* ™
Perovskite films prepared by solution processes are usually
composed of nanoscale grains so that there are a number of
boundaries in the films. Ginger and co-workers reported that
the photoluminescence intensity in grain boundaries was lower
than that in grains along with a faster non-radiative decay."
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of high-quality perovskite films that can lead to high performance devices.

Huang and co-workers also reported that ion migration at grain
boundaries was faster than in grain interiors."® Therefore, the
monolayer of the perovskite with a single crystal cross-sectional
profile is considered to be the desired active layer for solar cells
owing to the low trap density and high large charge carrier
mobility.

To date, one-step spin-coating has been a typical solution
process for the fabrication of perovskite films. However, inho-
mogeneous crystallization with removal of the solvent results in
typical branch-like perovskite grains.**'* The anti-solvent
method based on one-step spin-coating has become the most
widely used method to produce the desired crystal morphology
due to the fast nucleation process.>'® During spin-coating,
excessive amounts of solvents, such as toluene,'” chloroben-
zene,'® diethyl ether or ethyl acetate,'®' are dropped on the wet
film to extract the solvent of the precursor and induce crystal-
lization of the perovskite in a very short time. This generates
a large number of crystal nuclei, which grow to form a compact
perovskite film. However, fast precipitation from the top to the
bottom of the perovskite film may cause inhomogeneous crys-
tallization of perovskite crystals. Moreover, this method shows
poor reproducibility due to the rigorous anti-solvent dropping
time. Recently, intensive studies have been focused on retard-
ing the crystallization process of the perovskite to develop high
quality films.>'7**** For example, Lewis bases such as N,N-
dimethyl sulfoxide (DMSO) have been employed as electron
donors to form an intermediate phase to avoid the fast precip-
itation of plate-like Pbl,."* Such a method also yields nanoscale
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perovskite grains with a large number of grain boundaries,
which affect the charge carrier kinetics and accelerate ion
migration.®**** Hence, how to prepare monolayer perovskite
films with a single crystal cross-sectional profile is still a chal-
lenge for PSCs.

Understanding the formation mechanism of solid perovskite
films from the precursor solution is one of the fundamental rules
to construct high-quality perovskite films. Our previous study
showed that the additive of CH;NH;Cl (MACI) in the perovskite
precursor could slow down the perovskite crystallization rate via
forming intermediate phases.’ The much more stable complex
intermediate phases gradually transform into the perovskite
structure with sublimation of MACI during thermal annealing.
Recently, several interesting studies revealed that the nature of
the perovskite precursor was a colloidal precursor rather than
a “true” solution.>*** Both the crystallinity and morphology of the
perovskite film would be improved by increasing the aging time
of the precursor solution. In our previous study,* we also
demonstrated that there were stable coordination complexes in
the perovskite precursor, which could assemble into perovskite
crystals during the annealing process. This indicates that the
solution-based one step spin-coating process for the fabrication
of perovskite films is similar to the so-called sol-gel method.””
The sol precursor changes to the gel wet film with removal of
solvent.”®* However, few studies have focused on the effect of
colloidal characteristics on the formation of perovskite films. We
deem that high-quality perovskite films can be obtained by
designing and controlling the colloidal characteristics of the
perovskite precursor.

Herein, we report colloidal cluster engineering based on
coordination interactions to fabricate compact perovskite films
with a single crystal cross-sectional profile. Stable and large size
colloidal clusters of coordination complexes in the standard
CH;3NH;PI; (MAPDI;) precursor solution are formed by intro-
ducing both DMSO and MACIL. The large clusters are spin-
coated on the substrate to induce intermediate phase mono-
layer films, which transform into large perovskite grains during
the annealing process. The produced monolayer perovskite
films exhibit compact micron-scale grains with enhanced crys-
tallinity and reduced trap-state density. As a result, the solar cell
based on the monolayer film shows a high PCE of 19.14%,
which is much higher than that of the devices based on the
regular multilayer film (15.12%).

Experimental section

Materials synthesis and solution preparation

CH;3NH;I (MAI) and CH3NH;Cl (MACI) were synthesized by the
reported methods.*** The synthesized 200 mg MAI powder and
576 mg Pbl, (Yingkou You Xuan Trade Co., Ltd) were sequen-
tially dissolved in 1 mL N,N-dimethylformamide (DMF, 99.8%,
Sigma-Aldrich) to form the standard perovskite precursor
solution. The precursor solution was filtered using a 0.44 pm
pore PVDF syringe filter, and then stoichiometric ratios of
DMSO, MACI and DMSO + MACI were added to the standard
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perovskite precursors. Unless otherwise noted, the molar ratio
of MAI : Pbl, : DMSOwas 1:1: 1.

MAI-Pbl,-MACI-DMF and MAI-Pbl,-DMSO-MACI-DMF
solid complexes were obtained by adding 3 mL ethyl acetate
(EA) to 1 mL MACI and DMSO + MACI mixture precursors,
respectively. The produced solid complexes were further filtered
and dried at 60 °C in a vacuum oven for 3 h.

The compact TiO, precursor solution was prepared by
diluting titanium diisopropoxide bis(acetylacetonate) (75 wt%
in isopropanol) in ethanol with a volume ratio of 1 : 25. Meso-
porous TiO, paste was prepared by diluting commercial TiO,
nanoparticle paste (Dyesol 18NRT, Dyesol) in ethanol with
a weight ratio of 1: 14. The hole-transporting layer precursor
solution was prepared by dissolving 72.3 mg Spiro-MeOTAD in
1 mL chlorobenzene. To this solution, 29 pL 4-tert-butylpyridine
and 17.5 pL lithium bis(trifluoromethanesulfonyl)imide salt
solution in acetonitrile (520 mg mL ") were added, respectively.

Materials synthesis and solution preparation

The etched FTO glasses were cleaned in an ultrasonic bath
using deionized water, acetone and ethanol for 15 min,
respectively, and then under UV ozone treatment for 15 min
before spray pyrolysis deposition. A 30 nm compact TiO, layer
was coated by spray pyrolysis deposition at 450 °C, followed by
annealing for 30 min. An ultrathin mesoporous TiO, layer was
deposited on the compact TiO, by spin-coating at 5000 rpm for
30 s, and then annealed at 500 °C for 30 min. 40 pL colloidal
perovskite precursor solution was spin-coated on the meso-
porous TiO, layer at 3000 rpm for 40 s, and 200 pL of anti-
solvent EA was dropped on the center of the substrate in 6-24 s
to induce a perovskite intermediate phase. Then the wet film
was annealed at 100 °C for 90 min on a hotplate. When the
substrate was cooled down, 25 puL spiro-MeOTAD solution was
spin-coated on the perovskite film at 4000 rpm for 30 s. After
oxidation for 12 h in a desiccator, a 50 nm Ag electrode was
deposited onto the substrate through a shadow mask by
thermal evaporation with the base pressure of <5 x 10> Pa. The
active area of the device is 0.1 cm?.

Characterization

Dynamic light scattering (DLS) measurements were performed
using a 90Plus PALS (Brookhaven Instruments Corporation),
and the concentration of perovskite precursors was 0.25 M.
Fourier transform infrared spectroscopy (FTIR) was performed
using a Bruker Vertex 80v spectrometer, and the concentration
of perovskite precursors was 1 M. Scanning electron microscopy
(SEM) measurements were performed using a cold field emis-
sion scanning electron microscope (SU8020, Hitachi). Atomic
force microscopy (AFM) images were obtained using an MFP-3D
Infinity AFM (Asylum Research, Oxford Instruments). The XRD
patterns were obtained using an X-ray diffractometer (PAN-
alytical, Netherlands) with a monochromatic Cu Ko radiation
source (A = 1.54056 A). In situ XRD measurements were per-
formed in a vacuum chamber at 100 °C. The absorption spectra
were recorded using an ultraviolet-visible (UV-vis) spectropho-
tometer (UV-3600, Shimadzu). The photoluminescence (PL)
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spectra were measured using a steady state fluorescence spec-
trometer (FLS980, Edinburgh), and the excitation wavelength
was 375 nm. The current-voltage characteristics were recorded
using a digital source meter (2400, Keithley Instruments Inc.)
under 3 A grade AM 1.5 G simulated sunlight (100 mW ¢m™?)
(7-SS1503A, 7 Star Optical Instruments Co., Beijing, China). The
incident light intensity was calibrated with an NREL-calibrated
Si solar cell (Newport, Stratford Inc., 91150V). The incident
photon conversion efficiency (IPCE) was measured in the direct
current (DC) mode using a custom measurement system con-
sisting of a 150 W xenon lamp (7ILX150A, 7 Star Optical
Instruments Co., Beijing, China), a monochromator (7ISW30, 7
Star Optical Instruments Co., Beijing, China) and a digital
source meter (2400, Keithley Instruments Inc.).

Results and discussion

As shown in Fig. S1,T the Tyndall effect of the colloidal char-
acteristic was observed obviously for the perovskite precursors
under red light illumination in the dark, indicating that the
precursors are colloidal dispersions rather than “true” solu-
tions. This result has also been confirmed by previous
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studies.”®* For the colloidal solution, there are a number of
colloidal clusters that are dispersed in the solvent.* Fig. 1(a)
shows the schematic illustration of the formation of perovskite
films from the colloidal perovskite precursors to solid thin
films. During the spin-coating process, the sol precursors
transform into gel wet films with removal of solvent. When the
size of colloidal clusters is much less than the thickness of the
wet film, the multilayer gel wet film is formed by close packing
of small crystal grains. On the contrary, the large size clusters
can be orderly arranged on the substrate with removal of solvent
to produce a monolayer gel wet film. Then the intermediate
phases of wet films transform into the perovskite structure
during annealing. Hence, we propose a colloidal cluster strategy
to obtain the desired perovskite film by controlling the colloidal
cluster size of the perovskite precursor solution using the
additive of MACI. In addition, DMSO is employed to stabilize
the colloidal characteristics of colloidal clusters.

Dynamic light scattering (DLS) was employed to detect the
size distributions of the colloidal clusters in the perovskite
precursor solutions. Fig. 1(b) shows the statistical size distri-
butions of the perovskite precursor according to DLS spectra. In
the case of the standard perovskite precursor, the average size of
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Fig. 1

(a) Schematic illustrations of the formation of perovskite films from precursors to final perovskite films; (b) size distributions of different

colloidal perovskite precursors measured by DLS spectra; (c) FTIR spectra of different colloidal perovskite precursors (inset: FTIR spectra of
different colloidal perovskite precursors in the range of 1685-1615 cm™3); (d) schematic of the structures of colloidal clusters in different colloidal

precursors.
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the colloidal clusters is around 100 nm, while the average size of
colloidal clusters for the perovskite precursor with the additive
of DMSO is also around 105 nm. This demonstrates that DMSO
has little effect on the size of the colloidal clusters. For the
perovskite precursor with the additive of MACI, the average size
of colloidal clusters is up to 353 nm. The average size of the
colloidal clusters further increases to 503 nm with the intro-
duction of both DMSO and MACI. Fig. S21 shows the surface
scanning electron microscopy (SEM) images of produced
perovskite films prepared from the different perovskite
precursors (the concentration of perovskite precursors was
0.25 M). It can be seen that the average grain size of produced
perovskite films is 120 nm, 110 nm, 900 nm and 1 um for the
standard perovskite precursor and with the additives of DMSO,
MACI and DMSO + MACI, respectively. For the perovskite
precursor without the additive of MACI, the results are well
consistent with the average size of colloidal clusters as shown in
Fig. 1(b), while the average sizes of perovskite grains prepared
using MACI and DMSO + MACI additives are much larger than
that of colloidal clusters. The main reason is that the intro-
duction of CI™ into the perovskite precursor may reduce the
activation energy of grain boundary migration to further enlarge
the perovskite grain size during thermal annealing.**>** So the
size of colloidal clusters in the perovskite precursor shows
a strong correlation with the grain size of produced perovskite
crystals. It is well known that Pbl, is a 2-dimensional (2D)
layered material, held together by van der Waals interactions
with an interlayer spacing of ~2.6 A.** When the guest mole-
cules (such as DMF, DMSO and MAI) are introduced into the
precursor solution, the layered PbI, framework undergoes
intercalation with the guest molecules to form coordination
complexes.'”?”*® To delineate the formation of the coordination
complexes, Fourier transform infrared (FTIR) spectroscopy was
carried out to reveal the coordination interaction. Our previous
study showed that the stretching vibration of the C=0 bond
appeared at 1660 cm ' for pure DMF, while it shifted to
1633 cm™ " upon interaction with PbL,.> As shown in Fig. 1(c), in
the case of the standard perovskite precursor, the vibration
peak for the Pbl,- DMF complex at 1633 cm ™" is not observed,
while the vibration peak with a broad full width half maximum
(FWHM) at 1660 cm ™" could be ascribed to the C=0 bond of
pure DMF. This demonstrates that the affinity of MAI toward
PbI, is higher than that of DMF toward Pbl,, so the colloidal
clusters of PbI,-MAI-DMF complexes are formed by the
substitution of MAI for DMF. It is worth mentioning that a small
shoulder at 1650 cm ™ is also observed, which is well consistent
with the frequency of MAI in DMF solution as shown in Fig. S3.t
Therefore, the interaction of MAI with DMF should be respon-
sible for the small size of colloidal clusters for the standard
perovskite precursor. As for the perovskite precursor with the
additive of MACI, the vibration peak of C=O shifts from
1660 cm ™' to 1648 cm™ !, which is close to that of MAI in DMF
solution as discussed above. As shown in Fig. S4,7 although
MACI cannot be dissolved in pure DMF, it can be easily dis-
solved in the standard perovskite precursor at room tempera-
ture. Hence, the strong interaction of MACI with PbI, may
induce the formation of the stable complex Pbl,-MACI,-MAI, _,

This journal is © The Royal Society of Chemistry 2017
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+(x)MAI-DMF by the substitution of MACI for MAI, which can
increase the size of colloidal clusters. Compared to the perov-
skite precursors with the additive of MACI or DMSO, both
vibration peaks of C=0 and S=O shift slightly for the perov-
skite precursor with additives of DMSO + MACI, indicating the
interaction of DMSO with the colloidal clusters. Fig. 1(d) shows
the schematic of the structures of the coordination complexes
in different colloidal precursors. The layered PbI, would act as
the framework of the coordination complexes via coordination
interactions. In order to further verify the coordination inter-
action of colloidal clusters in the perovskite precursor, ethyl
acetate (EA) was employed as an extraction agent to obtain the
gel coordination complex. In our previous study, due to the
weak interaction between MAI and Pbl,, the obtained complex
divided into the white upper layer (MAI) and yellow bottom layer
(Pbl,) from the standard perovskite precursor.*® As shown in
Fig. S5(a),t for the perovskite precursor with the additive of
MACI, the gel complex was obtained, while it changed to a solid
precipitate and lost its fluidity after shaking a few times.
However, for the perovskite precursor with additives of DMSO
and MACI, the gel complex showed excellent stability, and the
gel characteristic of the complex was retained after shaking.
This suggests that DMSO can stabilize the colloidal character-
istics of the colloidal clusters. Fig. S5(b)t shows the in situ X-ray
diffraction (XRD) patterns of the complex before and after
annealing. The presence of XRD patterns at low angles indicates
the intercalation of the solvent molecules into the PbI, struc-
ture. The formation of the solvates for the complexes is also
confirmed by the FTIR spectra as shown in Fig. S5(c).t After
annealing for 3 min, the complex from the precursor with
additives of DMSO + MACI exhibits better crystallinity than the
complex from the precursor with only MACI. Further increasing
the annealing time to 30 min, both the complexes convert to
a MAPDI; tetragonal phase. The intensity of the (110) plane for
the perovskite from the precursor with additives of DMSO +
MACI is 13-fold that of the perovskite from the precursor with
only MACI. This demonstrates that the stability of the colloidal
clusters is correlated with the crystallinity of the final perovskite
crystals.

Fig. 2(a) and (b) show the surface SEM images of the perov-
skite films prepared from the standard perovskite precursors
and with additives of DMSO + MACI, respectively. It is worth
mentioning that the optimized concentration of perovskite
precursors is 1.25 M with a stoichiometric ratioof 1:1:1:0.6
for MAI : PbI, : DMSO : MACI, which is the same condition
used for device fabrication. The average grain size of the
perovskite film prepared from the standard precursor is around
230 nm, which is in accordance with the literature.'®'® For the
perovskite precursor with additives of DMSO + MACI, the
average size of perovskite grains is around 3 um, which is an
order of magnitude larger than that of the control sample.
Fig. S6(a)-(d)t show the topography and three-dimensional
atomic force microscopy (AFM) images of the perovskite films
prepared from the standard perovskite precursors and with
additives of DMSO + MACI. The apparent grain size observed in
the AFM images is consistent with that of SEM images shown in
Fig. 2(a) and (b), and the root mean square roughness values are

J. Mater. Chem. A, 2017, 5, 24168-24177 | 24171
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Fig. 2 Surface SEM images of the perovskite films prepared using the
precursors with additives of DMSO (a), and DMSO + MACIL (b). Cross-
sectional SEM images of perovskite films prepared using the precur-
sors with additives of DMSO (c), and DMSO + MACIL (d). UV-vis
absorption spectra (e) of perovskite films prepared from the different
amounts of MACL in the DMSO + MACI mixture perovskite precursor.
(f) XRD diffraction intensity and FWHM of the (110) plane as a function
of MACL content. (g) The absorption at 450 nm as a function of anti-
solvent dropping time for the perovskite films prepared using the
different colloidal perovskite precursors.

14.8 and 31.9 nm (5 pm x 5 um in size), respectively. Fig. S7+
shows the surface SEM images of the perovskite films prepared
from the DMSO + MACI perovskite precursor with different
amounts of MACI, and the average grain size is ~0.24 pm for
0 M MACI, ~0.75 um for 0.25 M MACI, ~2.5 pm for 0.5 M MACI
and ~3.5 um for 0.75 M MACI. Fig. 2(c) and (d) show the cross-
sectional SEM images of the perovskite films prepared from the
standard perovskite precursors and with additives of DMSO +
MACI. In order to minimize the impact of substrates (for
example roughness), we chose the SiO,/Si substrates. It is clearly
shown that the former film is multilayered, which is formed by
close packing of small perovskite grains. There are many grain
boundaries along the cross-section of the film. The latter film is
monolayered, and the size of grains is equal to the thickness of
the film along the cross-section of the film. In addition, the
grain boundaries are vertical, which would reduce the resis-
tance of charge carrier transport.** Fig. S8(a) and (b)T show the
cross-sectional SEM images of multilayer and monolayer
perovskite films on FTO substrates. In the case of the multilayer
film, although the surface coverage is nearly 100%, there are
many voids at the interface of FTO/perovskite, which may be
induced by the fast precipitation of the anti-solvent method
from top to bottom. The morphology of the monolayer perov-
skite on the FTO substrate is similar to that on the SiO,
substrate. Fig. 2(e) shows the effect of MACI content on the
UV-vis absorption spectra of perovskite films prepared from the
colloidal precursors with additives of MACI + DMSO. The
absorption increases with the amount of MACI from 0.25 M to
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0.5 M. When the amount of MACI increases to 0.75 M, the
absorption in the short wavelength region decreases due to the
voids in the perovskite film, which is consistent with SEM
images shown in Fig. S7(h).T The increase of absorption in the
long-wavelength region is attributed to light scattering.*'
Fig. 2(f) shows the XRD diffraction peak intensity and FWHM of
the (110) plane as a function of MACI content (the XRD patterns
are shown in Fig. S91). It is clearly shown that the produced
films exhibit enhanced crystallization with increasing the
amount of MACL. We also investigate the reproducibility of the
anti-solvent method by using UV-vis absorption spectra.
Fig. 2(g) shows the absorption value at 450 nm as a function of
anti-solvent dropping time, and the UV-vis absorption spectra
are shown in Fig. S10.f For the films from the perovskite
precursors with only one additive of DMSO or MACI, the
absorption value changes obviously with the anti-solvent drop-
ping time. The optimum anti-solvent dropping time is usually
very short (within a few seconds), which is not beneficial to the
reproducibility of the fabrication. For the perovskite films
prepared from the precursor with additives of DMSO + MACI,
the absorption at 450 nm is nearly constant with increasing the
anti-solvent dropping time from 6 s to 24 s, indicating that the
introduction of DMSO + MACI could significantly improve the
reproducibility of the anti-solvent method.

XRD was employed to track the crystallization evolution of
the perovskite from the gel wet film (before annealing) to the
final perovskite film (after annealing). Fig. 3(a) shows the XRD
patterns of the wet films prepared from the different colloidal
perovskite precursors. For the wet films prepared from the
standard perovskite precursor, the low intensity of XRD
diffraction peaks at small angles (6.60° and 9.57°) is attributed
to the solvate intermediate phase, while the main diffraction
peaks of the MAPDI; tetragonal phase at 14.16° and 28.48° are
clearly identified due to the weak interaction between DMF and
PbL,. In the presence of equimolar DMSO in the perovskite
precursor, the XRD diffraction peaks of the solvate intermediate
phase at small angles (7.12° and 9.23°) are detected. The
absence of the MAPbI; phase indicates that perovskite crystal-
lization is retarded due to the strong interaction between DMSO
and Pbl,. These results are well consistent with the previous
literature.""” In the case of the perovskite precursor with the
additive of MACI, the characteristic diffraction peaks of the
MAPDCI; cubic phase at 15.63° and 31.51°are observed for the
wet film, respectively. The absence of small angle diffraction
peaks of the solvate intermediate phase indicates the strong
interaction between MACI and Pbl,, which is consistent with
the FTIR results as discussed above. For the perovskite
precursor with additives of DMSO + MACI, the enhanced
intensity of the solvate intermediate phase at 9.25° indicates the
formation of the ordered intermediate phase. As shown in
Fig. 3(b), the solvate intermediate phases convert to the MAPbI;
tetragonal phase immediately after drying treatment for both
the wet films prepared from the standard perovskite precursor
and with the additive of DMSO. However, the characteristic
peaks of the MAPDCI; cubic phase at 15.68° and 31.60° are
observed in the dry film with additives of DMSO and MACI,
which exhibits a strong preferential orientation along the (100)

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XRD patterns of wet films (a) and dry treatment films (b) which
were prepared from different perovskite precursors; XRD patterns (c)
of crystallization evolution as a function of annealing time on a loga-
rithmic scale for perovskite films prepared from the perovskite
precursor with additives of DMSO + MACI; the selected XRD patterns
of perovskite films prepared from the perovskite precursor with the
additives of MACL (d) and DMSO + MACL (e) at different annealing
times, which exhibit characteristic diffraction peaks at 11.5-13°. The
normalized intensity (f) of the (110) and (220) planes of MAPbIs
prepared from the perovskite precursor with additives of MACIL (blue)
and DMSO + MACI (dark cyan) as a function of annealing time.

and (200) crystal planes. The formation of the high crystallinity
MAPDCI; phase in the drying stage is mainly attributed to the
stable colloidal clusters with the ordered structure. Fig. 3(c)
shows the XRD patterns of perovskite films with the additives of
DMSO + MACI at different thermal annealing durations. The
MAPDCI; cubic phase is converted to the metastable interme-
diate phases at 5.99°, 11.11°, 11.97°and 12.28° within 1 min.
Besides, a strong diffraction peak at 28.31° is also observed,
which corresponds to the (220) plane of the MAPbI; phase with
an enlarged interplanar spacing. Fig. 3(d) and (e) show the
intermediate phase crystallization evolution as a function of
annealing time for perovskite films with additives of MACI and
DMSO + MACI, respectively (the XRD patterns of perovskite
films with the additive of MACI with different annealing dura-
tions are shown in Fig. S111). After annealing for 5 min, for the
perovskite film with the additive of MACI, the main diffraction
peak of intermediate phases around 12.4° is associated with the
(001) plane of the PbI, phase with an enlarged interplanar
spacing,'** while enhanced intensity of the diffraction peak at
11.97° is detected for the perovskite film with the additives of
DMSO + MACI. Although the origin of the diffraction peak at
11.97° is still not clear, the enhanced degree of the long-range
order of the intermediate phase changes the perovskite crys-
tallization kinetics, which is correlated with the structure of

This journal is © The Royal Society of Chemistry 2017
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colloidal clusters. On further prolonging the annealing time,
the intensity of diffraction peaks around 11.97° and
12.29°decreases gradually. Fig. 3(f) shows the normalized
intensity of the (110) and (220) planes of MAPbI; with additives
of MACI and DMSO + MACI at different annealing durations,
respectively. The intensity of the (110) plane of the perovskite
structure increases with increasing annealing time. However,
the intensity of the (220) plane for the sample from the perov-
skite precursor with additives of DMSO + MACI changes little
during the annealing process. This implies that the formation
of the perovskite phase may be the “direct formation mecha-
nism”. Such a mechanism has been reported by Chang and co-
workers, which can improve the quality of perovskite crystals.*®

The photovoltaic characteristics of the resulting perovskite
films are further examined. The configuration of the device is
FTO/compact TiO,/ultrathin mesoporous TiO,/MAPbI;/spiro-
OMeTAD/Ag. In this study, the optimum stoichiometric ratio of
MALI : Pbl, : DMSO : MACI] is 1:1:1:0.6 for the colloidal
engineering perovskite precursor. Fig. 4(a) shows the J-V curves
of the PSCs assembled using conventional multilayer and
monolayer perovskite films, respectively. As for the multilayer
perovskite film based solar cell, the PCE is 15.12% with a short-
circuit current density (J;.) of 18.88 mA cm >, open-circuit
voltage (Vo) of 1.06 V and fill factor (FF) of 75.53%. It is worth
noting that in the case of multilayer perovskite film solar cells,
the Ag electrode of the device becomes invisible under 1 sun
illumination (from the glass side) and the photographs of
devices are shown in Fig. S12.7 As discussed above, the voids at
the interface of FTO/perovskite for the multilayer perovskite
film not only reduce light absorption, but also influence change
transportation, which should be responsible for the relatively
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Fig. 4 The J-V curves (a) and IPCE (b) of PSCs assembled using the
different perovskite films. The multilayer perovskite films were
prepared using the perovskite precursor with a stoichiometric ratio of
MAI : Pbl, : DMSO : MACL=1:1:1:0; the monolayer perovskite film
was prepared using the perovskite precursor with a stoichiometric
ratio of MAI : Pbl, : DMSO : MACl=1:1:1:0.6.(c) The stabilized PCE
is measured at the maximum power point of PSCs. (d) PCE statistical
distribution of monolayer perovskite film based PSCs (50 devices).
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low Js.. The PSCs assembled using the monolayer perovskite
film show a high J,. of 22.53 mA cm™~? due to the better charge
transportation of the monolayer perovskite film. A high V,. of
1.08 V is obtained, which yields a PCE of 19.14%. The impres-
sive FF reaches 78.66% due to the reduced series resistance
from 30.9 Q to 13.6 Q that was calculated from the J-V curves.
Fig. 4(b) shows the incident photon-to-electron conversion
efficiency (IPCE) spectra and the integrated J,. for PSCs based
on the different films. The IPCE of the monolayer perovskite
film based solar cell surpasses 80% in the region of 397-702
nm, while that of the multilayer perovskite film based solar cell
is close to 80% in a narrow region of 467-532 nm. The inte-
grated J. of the two devices is 21.5 mA/cm” and 18.1 mA cm ™,
respectively, consistent with the j;. obtained from j-V curves.
Fig. 4(c) shows the stabilized PCE that was measured at the
maximum power point, and the monolayer perovskite film
based device shows a stabilized PCE of 17.9%. As a comparison,
the multilayer perovskite film based solar cell shows a stabilized
PCE of 13.1%. We also compared the hysteresis of PCEs
prepared from perovskite precursors with different amounts of
MACI. Fig. S131 shows the typical hysteresis of the forward
scanning and reverse scanning of j-V curves, the forward
scanning PCE corresponds to 78.3% and 85.6% of their reverse
scanning PCE for MAI : PbI, : DMSO : MACl=1:1:1:0.3 and
1:1:1:0.6 colloidal perovskite precursors, respectively.
According to the literature,* the hysteresis index is 0.22 and
0.14, respectively. The difference is close to the reported results
based on high-quality perovskite films.?***** Fig. 4(d) shows the
reproducibility of the monolayer perovskite film based PSCs,
and the average PCE reaches 17.5%, which is mainly attributed
to the excellent reproducibility of perovskite films as mentioned
above.

The ideality factor n under illumination was defined
e\
kT d In(p)’
commonly used to reveal the recombination mechanism of
devices.***” Fig. 5(a) shows the dependence of V,. on the light
intensity of PSCs assembled using the monolayer and mono-
layer perovskite films, respectively. Both PSCs show comparable
Voe values under 1 sun light intensity. However, the V,. of the
multilayer perovskite film based solar cell drops fast with the
decrease of light intensity. The assessed ideality factor n is equal
to 1.45, in the presence of both trap-assisted and bimolecular
recombination.””** For the monolayer perovskite film based
solar cell, the ideality factor n decreases to 1.14, indicating that
the trap-assisted recombination is suppressed due to the
enhanced crystallinity and reduced recombination centers in
the monolayer perovskite film.® Fig. 5(b) shows the steady-state
PL spectra of the perovskite films. Both the perovskite emission
peaks show typical Stokes shifts around 770 nm, which is
consistent with the literature,® while the FWHM is slightly
narrowed for the monolayer perovskite film, indicating that the
charge recombination is reduced due to the enhanced crystal-
linity. We also fabricated FTO/compact TiO,/MAPbI;/PCBM/Ag
devices to further assess the trap-state density in perovskite
films by using the space-charge-limited-current (SCLC). Fig. 5(c)
and (d) show J-V curves on a logarithmic scale. The current

according to the equation n= which was
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Fig. 5 Voltage dependence of light intensity (a) of multilayer perov-
skite film and monolayer perovskite film PSCs. The steady-state PL
spectra (b) of perovskite films prepared from multilayer and monolayer
perovskite films on the SiO, substrate. Space-charge-limited-current
of FTO/compact TiO,/MAPbIs/PCBM/Ag devices with the multilayer
perovskite film (c) and monolayer perovskite film (d).

density exhibits a linear rise in the ohmic regime, and the
nonlinear regimes correlate with a trap-filled limit and space
charge limited current according to n(J « V"*).**2 The trap-state
2808 VTFL
el?

We estimated the trap-state density 7p to be 2.9 x 10*® em™
and 6.8 x 10" ¢cm ™ for the multilayer and monolayer perov-
skite film based solar cells, respectively. This indicates that the
trap-states in the monolayer perovskite film are effectively
reduced, and hence the device performance can be improved.

density can be determined by the equation 7,y =

Conclusions

A colloidal engineering strategy by controlling the size of
colloidal clusters in the perovskite precursor was developed to
induce monolayer perovskite films. The introduction of MACI
into the standard perovskite precursor significantly increased
the size of colloidal clusters, meanwhile, DMSO was further
employed to stabilize the characteristics of the colloidal clusters
and improve the reproducibility of the anti-solvent method. The
coordination complexes composed of stable and large size
colloidal clusters were confirmed in the colloidal engineering
perovskite precursor solution. During the spin-coating process,
the formed large size colloidal clusters were orderly arranged on
the substrate to form monolayer wet films (intermediate phase).
Then the large clusters transformed into perovskite crystals,
which grew to form large grains with an average size of 3 pm
after annealing. Due to the much lower trap state density and
higher crystallinity of the monolayer perovskite films, a power
conversion efficiency (PCE) of 19.14% was achieved. Therefore,
this study sheds light on the conversion mechanism of perov-
skite crystals from colloidal precursors to solid films, and paves

This journal is © The Royal Society of Chemistry 2017
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the way for further improvement of high-quality perovskite
films that can lead to high performance devices.
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