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ABSTRACT

Compact, pinhole-free and Pbl,-free perovskite films, are desirable for high-performance perovskite solar
cells (PSCs), especially if large columnar grains are obtained in which the adverse effects of grain bound-
aries will be minimized. However, the conventional solid-state reaction methods, originated from the two-
step method, failed to grow columnar grains of CH3NH3Pbls in a facile way. Here, we demonstrate a strategy
for growing large columnar grains of CH3NH3Pbls, by less-crystallized nanoporous Pbl, (In-Pbly) film
enhanced solid-state reaction method. We demonstrated columnar grains were obtainable only when In-
Pbl, films were applied. Therefore, the replacement of compact Pbl, by In-Pbl, in the solid-sate reaction,
leads to higher power conversion efficiency, better reproducibility, better stability and less hysteresis.
Furthermore, by systematically investigating the effects of annealing temperature and duration, we found
that an annealing temperature >120 °C was also critical for growing columnar grains. With the optimal
process, a champion efficiency of 16.4% was obtained and the average efficiency reached 14.2%. Finally, the
mechanism of growing columnar grains was investigated, in which a Vl';b—assisted hooping model was
proposed. This work reveals the origins of grain growth in the solid-state reaction method, which will
contribute to preparing high quality perovskite films with much larger columnar grains.

© 2017 Elsevier B.V. All rights reserved.
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power conversion efficiency (PCE) has increased dramatically from
9.7% to over 20% [1—5]. The dramatic improvement of PCE mainly
lies in the development of preparation methods for fabricating
high-quality perovskite films: compact, pinhole-free and Pbl,-free
perovskite films [3,6—8]. Among them, the two-step solution
deposition method is widely used to prepare perovskite films,
because it offers more controllable morphology [3,9,10]. However,
the conventional two-step dipping method frequently failed to
convert Pbl, into CH3NH3PbI3 effectively in planar perovskite solar
cells (PSCs), resulting in a dilemma between the reaction
completeness and controllable morphology [11—13]. To solve the
problems, some modified editions using solid-state reaction
method have been proposed, in which the reaction occurs between
Pbl, film and CH3NHs3l (MAI) solid rather than MAI solution
[14—17].

On the other hand, in order to increase PCE further, trap-states
in perovskite films are needed to be eliminated, which lie at sur-
face, grain boundaries and bulk section [18,19]. Among them, grain
boundaries are the most obvious ones, as the perovskite films are
usually made up of several stacking layers of small grains which are
about hundred nanometers [20,21]. The grain boundaries have
been directly observed to cause severer nonradiative loss than the
bulk section [22]. To overcome the drawbacks of grain boundaries,
two strategies are applied: passivating them [18,23,24] or growing
larger grains [25,26]. Many reports have shown that perovskite
films consisting of larger grains do show much better photovoltaic
performance than those with the smaller ones [7,27]. Therefore,
growing larger grains is a desirable way to overcome the drawbacks
of grain boundaries. Especially, the adverse effect of grain bound-
aries will be minimized when columnar grains are obtained, in
which photocarriers will avoid passing through any additional
grain boundaries except those at the interfaces with electron-
transporting layer and hole-transporting layer [20,21,28,29].

However, many reports have shown that the conventional solid-
state reaction method, driven by medium-high temperature
(around 100 °C) thermal annealing, is difficult to grow columnar
grains due to the ineffective grain growth of CH3NHsPbls
[21,26,30,31]. Though Ren et al. managed to grow micron-sized
grains by elevating the reaction temperature to 200 °C, the PCE is
much lower than those prepared at lower temperature reported by
others [14,23]. That's probably ascribed to the increase of bulk
defects at high temperature [19]. In addition, Huang and his col-
leagues proposed solvent annealing and non-wetting surface-
driven methods to realize significant grain growth [21,26]. How-
ever, both of them have some drawbacks. For solvent annealing,
CH3NH3l-Pbly-solvent complex (DMF or DMSO) tends to form,
which will result in tree-like morphology with many pinholes
[32,33]; while for the surface-driven method, effective grain
growth is only accessible when hydrophobic substrates are applied.
In short, due to the failed grain growth, it's still a challenge to grow
large columnar grains of CH3NH3Pbls, with the conventional solid-
state reaction method at medium-high temperature.

Yang et al. have demonstrated it is critical for grain growth to
uniformly disperse excess MAI inside the CH3NH3Pbls (Pbl,) films
[34]. However, taking into account the process of conventional
solid-state reaction method, MAI is usually stacked on the compact
Pbl; (c-Pbly,) layer, in which MAI can hardly penetrate into the Pbl,
layer. That is the probable reason why conventional solid-state
reaction fails to effectively drive grain growth by thermal
annealing.

On the other hand, nanoporous Pbl, (n-Pbly) films have been
demonstrated as an effective way to accelerate the reaction be-
tween MAI and Pbl,, by dispersing MAI inside the n-Pbl, layer to
make the reaction happen in the entire thickness simultaneously
[12,13,15,35—39]. It indicates that nanoporous Pbl; films may be an

effective way to uniformly disperse MAI inside the entire film of
Pbl,, as MAI solution is able to infiltrate into the nanopores quickly
by capillary action. However, to our best knowledge, the nano-
porous Pbl; films have never been applied to grow columnar grains
of perovskite.

Here, combining the role of excessive MAI playing in grain
growth and the function of n-Pbl; to uniformly disperse MAI inside
the entire film, we propose the application of n-Pbl; in solid-state
reaction to facilitate grain growth in order to obtain large
columnar grains of CH3NH3Pbls. We demonstrate a solid-state re-
action method, enhanced by less-crystallized nanoporous Pbl; (In-
Pbl,) films, is able to grow micron-sized columnar grains. The
application of In-Pbl; instead of c-Pbl; leads to acquiring columnar
grains, in addition to a faster and more complete conversion into
CH3NH3Pbls. Therefore, much higher PCE, improved reproducibility
and stability were realized, apart from less hysteresis, when In-Pbl,
was applied. By optimizing the annealing temperature and dura-
tion, a champion efficiency of 16.4% was achieved, and the average
efficiency reached 14.2%. Finally, the mechanism of growing
columnar grains by In-Pbl; enhanced solid-state reaction method is
discussed, in which we proposed a model of grain growth based on
V;;b—assisted hooping process.

2. Experimental section
2.1. Materials and reagents

CH3NH3l was synthesized according to the procedure reported
in literature [40]. Pbl;, anhydrous chlorobenzene, Li-
bis(trifluoromethanesulfonyl)imide (Li-TFSI) and 4-tert-Butylpri-
dine (t-BP) were purchased from Sigma-Aldrich. 2,2’,7,7'-Tetrakis
[N,N -di(4-methoxyphenyl)amino]-9,9’,-spirobifluorene (Sipro-
MeOTAD) and Tris(2-(1H -pyrazol-1-yl)-4-tert-butylpyridine)-
cobalt(Il)Tris(bis(trifluoromethylsulfonyl)imide)) (FK209 Co(III)
TFSI salt) were purchased from Lumtec, Taiwan. Dimethyl Form-
amide (DMF) and 2-propanol (IPA) were dehydrated by molecular
sieves (4A) before use.

2.2. Device fabrication

Fluorine-doped tin oxide (FTO; 15 Q sq~!, Nippon Sheet Glass)
glass substrates were patterned by Zn powder and diluted HCI
solution. The resultant FTO substrates were cleaned sequentially in
detergent (Hellmanex II, 2%), water, ethanol, acetone and ethanol
with ultrasonication and then treated with ultraviolet (UV) for
15 min. Those cleaned FTO substrates were subsequently coated
with a compact TiO; layer by spin-coating a yellowish solution of
tetrabutyl titanate [41]. After drying at 70 °C, the films were
annealed at 500 °C for 30 min. Then, they were treated in 40 mM
TiCly aqueous solution for 30 min at 70 °C, and rinsed with
deionized water and ethanol before being annealed at 500 °C for
another 30 min.

After cooling down, the substrates were treated with UV for
15 min again before the deposition of perovskite layer. Then, a layer
of Pbl, was spin-coated (1 M Pbl; in DMF kept at 70 °C, 3000 r.p.m
for 60 s), from which compact Pbl, (c-Pbl,) films were obtained
after drying at 70 °C for 30 min. While for preparing less-
crystallized nanoporous Pbl, (In-Pbl) films, antisolvent-solvent
extraction process was applied by dispensing IPA on the surface
of pristine Pbl, films and spinning off, as reported in our previous
work [37]. To prepare perovskite layer, 8 mg ml~! and 30 mg ml~!
MAI solution (in IPA) were sequentially spin-coated on both kinds
of Pbl, films, and perovskite films were obtained by annealing at
100 °C-160 °C for varied duration. While for the interdiffusion
method, only 30 mg ml~! MAI solution was spin-coated onto the c-
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Pbl; film. To avoid the decomposition of CH3NH3Pbls, the annealing
duration was shortened to 20 min and 10 min for 140 °C and 160 °C,
respectively.

The hole-transporting layer (HTL) was prepared by spin-coating
(4000 r.p.m for 30 s) of a solution of Spiro-MeOTAD (72.3 mg ml~})
with a recipe as reported [3], followed by oxidation in desiccator
overnight. Finally, ~100 nm of Ag was evaporated onto the top of
HTL, with an effective area of 0.15 cm? for device. All the procedures
of preparing perovskite layer and HTL were conducted inside an Ar-
filled glovebox.

2.3. Measurement and characterization

X-ray diffraction (XRD) was conducted on Rigaku D/max 2550V
with Cu Ka radiation at a step size of 0.02°. The absorption spectra
of CH3NH3PblI3 films were measured by a UV/Vis/NIR spectropho-
tometer (Lambda 950, Perkin Elmer). A field emission scanning
electron microscopy (FESEM; SU8220, Hitachi) was used to inves-
tigate the morphology of CH3NH3Pbls films and conduct Energy
Dispersive X-Ray Spectroscopy (EDS) test. An atomic force micro-
scope (AFM; ScanAsyst, Veeco Dimension Icon) was used to image
the topography and measure surface roughness in the tapping
mode. Hall effect measurement was conducted on a physical
property measurement system (PPMS-9(dxl), Quantum Design).
Fourier transform infrared spectroscopy (FTIR) spectra were
recorded on Bruker Tensor 27 spectrophotometer using the stan-
dard Pike ATR cell. The J-V curves of perovskite solar cells were
measured with Keithley 2400 source meter through reverse scan
(1 Vto —0.1 V) with a step size of 11 mV and delay time of 20 ms,
under the simulated AM 1.5G illumination (100 mW cm~2; Oriel
Sol3A Class AAA Solar Simulator, Newport) which had been cali-
brated by an optical power meter (Newport, 1918-R). And the
measurement was conducted at room temperature under
controlled humidity of 20% RH. Incident photon-to-electron con-
version efficiency (IPCE) spectra were characterized by an IPCE test
system (Zahner, CIMPS-pcs2/IPCE). Open-circuit photovoltage
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decay (OCVD) and electrochemical impedance spectroscopy (EIS)
were measured by an electrochemical workstation (CHI660D, CH
Instruments) under simulated AM 1.5G illumination
(100 mW cm~2), and the EIS were performed in the frequency
range from 1 MHz to 1 HZ, by applying a bias voltage of its corre-
sponding V.

3. Results and discussion
3.1. The advantages of In-Pbl, over c-Pbl,

Fig. 1a presents the procedures for preparing different types of
Pbl; films and the distinct morphology of the corresponding Pbl;
films. C-Pbl; films were prepared in the conventional method, in
which films were annealed directly after the spin-coating of Pbl,
solution. The less-crystallized nanoporous Pbl; films were prepared
in a facile way developed by our group, called antisolvent-solvent
extraction [37], and the annealing process was omitted. The
omission of annealing leads to a much worse crystallinity but
similar morphology compared to that with annealing; however, it
results in a faster conversion into perovskite (Figs. S1a—c) [42]. The
subtle differences in the preparation procedure led to distinct
morphology, as shown in the SEM images of Fig. 1a. C-Pbl; film is
totally compact, while In-Pbl, film is nanoporous. The forming
mechanism of nanoporous morphology has been detailedly studied
in our previous work [37].

Although both types of Pbl; films deliver the same characteristic
peaks of Pbl,, the crystallinity of c-Pbl, films is much better than
that of In-Pbl; films (Fig. 1b and c). However, as Ko et al. indicated,
the improved crystallinity of Pbl, film would retard the conversion
of Pbl, into CH3NH3Pbls [42]. We compared the evolution of
absorbance at 750 nm with the extension of loading time, from
which the conversion rate could be compared qualitatively. Fig. S1c
shows that the absorbance increases more sharply for In-Pbl, than
c-Pbly, which can be ascribed to the synergic effect of nanoporous
morphology of Pbl, film and it worse crystallinity [12,13,38,42]. It
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Fig. 1. Differences between c-Pbl, and In-Pbl; films. (a) The preparation procedures and distinct morphology, (b) XRD spectra and (c) the comparison of the (001) peak of different
types of Pbl, films. (d) UV—vis absorption spectra, (e) XRD spectra and (f) the comparison of the (110) peak of CH3NH3Pbl; based on different types of Pbl, films. All the perovskite

films were annealed for 30 min at 120 °C.
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demonstrates the advantage of applying In-Pbl, to prepare perov-
skite films.

CH3NH3Pbl; films were prepared with the solid-state reaction
method [15,43], by sequentially spin-coating of 8 mg ml~! and
30 mg ml~' MAI solution onto the Pbl, films and annealing. It's
worth noting that the combination of low and high concentration of
MAI is indispensable to obtain Pbl,-free CH3NH3PbI3 films in our
case, as indicated by Fig. S1d. The resultant CH3NH3Pblj; films, based
on different types of Pbl,, were characterized by UV—vis spectro-
photometer. As shown in Fig. 1d, the c-Pbl;, based perovskite film
exhibits much lower absorbance than that based on In-Pbl,, which
can be inferred from the photographs in Fig. S1e as well. The lower
absorbance of the c-Pbl, based one mainly comes from the incom-
plete conversion of Pbl, into CH3NH3Pbls, confirmed by the XRD
characterization in Fig. 1e and f. As the XRD spectra show, the (001)
peak of Pbl, (near 12.7°) is strong in the c-Pbl; based one, indicating
the incomplete conversion of Pbl, into CH3NH3Pbls; contrastively,
the characteristic peak of Pbl; is absent in the perovskite film based
on In-Pbl,. One thing is worth noting: the remnant Pbl; in the c-Pbl,
based perovskite film (Fig. 1e) is actually much less than the
CH3NH3Pbls phase, as much higher intensity of Pbl; is expected than
the same quantity of CH3NH3Pbls, which has been reported [3,44].

Moreover, the morphology of perovskite films based on
different types of Pbl, were compared. As Fig. 2a—b shows, both
films are compact and pinhole-free consisting of polycrystals, but
the grain size varies significantly. The average grain size is 135 nm
and 222 nm for c-Pbl; and In-Pbl; based perovskite films (Fig. S2),
respectively. In addition, all the perovskite films are smooth,
exhibiting mirror effect in photographs, as shown in Fig. Sle.
Meanwhile, the cross-sectional morphology varies widely as well,
as presented in Fig. 2c—d. For the c-Pbl, based sample, the film is
made up of several stacking layers of small grains; while for the In-
Pbl, based one, the film mainly consists of columnar grains whose
sizes are as large as the film's thickness. Columnar grains, con-
necting the cathode and anode directly, were demonstrated to be

beneficial for high photovoltaic performance by reducing recom-
bination at grain boundaries [20,21]. In addition, some residual Pbl;
nanoplates are present between CH3NH3Pbl3 and TiO; layer in the
c-Pbl, based perovskite film, which were verified by the EDS test
(Figs. S3a and b). That was reported to inhibit electron transfer from
perovskite into TiO, layer [13]. To exclude the possibility that the
deficiency of MAI leads to the absence of columnar grains in the c-
Pbl, based one, we prepared perovskite film with a lower spin
speed for MAI solution, by which more MAI would be deposited on
the c-Pbl, layer. As displayed in Fig. S3c, with more MAI deposited
on the surface of Pbl, layer, the columnar grains are still absent
though some large grains (~500 nm) appear in the upper layer near
the surface. It suggests that nanoporous Pbl;, is indispensable to
grow columnar grains of CH3NH3Pbl; with the conventional solid-
state reaction method at medium-high temperature. Moreover, it's
worth noting that our In-Pbl,-assisted method differs much from
other porous-Pbly-assisted methods: firstly, the perovskite film
prepared with our method, consists of large columnar grains,
which has never been reported by other porous-Pbl,-assisted
methods; secondly, here, we adopted the solid-state reaction
method, which is more controllable than the conventional two-
step dipping method utilized by most reports.

Then, those perovskite films based on different types of Pbly,
were fabricated into planar perovskite solar cells with a setup of
FTO/compact TiO»/CH3NH3Pbl3/Spiro-MeOTAD/Ag. The compari-
son of photovoltaic performance is shown in Fig. 2e. Ln-Pbl; based
samples deliver the best efficiency of 15.9%, much better than its
counterpart based on c-Pbl, which only shows 12.9%. However, in
consideration of significant Pbl, remained, the PCE of c-Pbl, based
PSC is surprisingly high, which mainly comes from two reasons:
firstly, the residue of Pbl, is much lesser than it seems, as indicated
previously; secondly, the remnant Pbl, does not form a continuous
layer, alleviating the drawbacks of Pbl,. Specifically, short-circuit
current density (Jsc) and open-circuit voltage (V,.) of the c-Pbl,
based sample are only slightly lower than that of In-Pbl, based one,
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while the greatest difference lies in fill factor (FF). For c-Pbl, based
sample, FF was only 59%, about 17% relatively lower than that of In-
Pbl; based one. The lower FF suggests severer recombination in the
c-Pbl, based perovskite film, which mainly results from the
inhibited injection of electron by the remnant Pbl, [13]. That was
confirmed by the electrochemical impedance spectrum (EIS)
measurement, displayed in Fig. 2f. EIS is a tool widely used in PSCs,
however, there are some discrepancies in the models of interpre-
tation [12,45]. Cheng and his colleagues have systematically
investigated the EIS of planar PSCs, and proposed a more suitable
model for planar setup, in which the high-frequency features were
attributed to charge recombination across the perovskite/contact
interfaces [45,46]. As shown in Fig. 2f, the recombination resistance
of c-Pbl; based sample (0.8 kQ) is much smaller than that of In-Pbl,
based one (1.6 kQ), indicating a severer interfacial recombination in
the case of c-Pbl,. That has been confirmed by open-circuit pho-
tovoltage decay (OCVD) test as well (Fig. S4). OCVD is a facile
technique to measuring carrier lifetime in solar cells, widely used in
dye-sensitized solar cells and PSCs [25,47,48]. The lifetime of In-
Pbl, based device is significantly longer than that of c-Pbl, based
one (Fig. S4), indicating a severer recombination in the case of c-
Pbly. It can be ascribed to two factors: firstly, the remnant Pbl; has a
much higher trap density than perovskite, which will cause severe
recombination [49]; secondly, the recombination is enhanced by
the fact that the injection of electrons from perovskite to TiO; is
inhibited by the Pbl, interlayer [13].

Additionally, the distributions of photovoltaic parameters are
compared (Fig. S5), from which we can conclude all the parameters
are much lower and more scattered for the c-Pbl, based ones than
those based on In-Pbl,. That can be attributed to the uncontrollable
remnant Pbl,, as suggested by Han's group [11]. Moreover, we also
compared the stability of PSCs based on those two types of Pbl;
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(relative humidity ~30%, 27 °C). As depicted in Fig. S6, the PSC based
on In-Pbl, was able to maintain 90% of the primary PCE when
stored for 9 days; while that based on c-Pbl, completely failed
during the same period. It demonstrates the superior stability of
the In-Pbl;, based PSCs compared with the c-Pbl, based ones, which
mainly comes from two reasons: the larger grain size [50] and the
elimination of remnant Pbl, in the case of In-Pbl, based device
[13,38,51]. Furthermore, the PSC based on In-Pbl, deliver smaller
hysteresis than that of the c-Pbl, based one, as depicted in Fig. S7.
That can also be ascribed to the large grain size (fewer grain
boundaries) in the case of In-Pbl, based sample, as a faster ion
migration is found at grain boundaries than that in grain interiors
which is responsible for the hysteresis in PSCs [52].

In short, In-Pbl; is superior to c-Pbl; when applied in the solid-
state reaction: Firstly, annealing is not necessary for In-Pbl,, which
is more energy saving; Secondly, In-Pbl, can convert into perov-
skite much faster and more completely. Moreover, the replacement
of c-Pbl, by In-Pbl; leads to the presence of large columnar grains,
in stark contrast to those stacking layers of small grains in the case
of c-Pbl,. Therefore, the application of In-Pbl, results in not only
much higher PCE but also an improved reproducibility and stability.

3.2. The effects of annealing temperature and duration

Aforementioned results demonstrate that columnar grains are
obtainable even with thermal annealing at medium-high temper-
ature (120 °C), when In-Pbl; films are applied; however, the origin
of growing columnar grains is still not understood. Therefore, the
effects of annealing temperature and duration on the film's
morphology and properties were systematically investigated.

As shown in top-view SEM images Fig. 3a—d, grain growth in
plane is not remarkable below 160 °C, while many micron-sized

0.134
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Fig. 3. SEM images of perovskite films annealed at different temperatures: (a) (e) 100 °C, (b) (f) 120 °C, (c) (g) 140 °C, (d) (h) 160 °C. The scale bars is 1 um. (i) XRD spectra and (j) the
corresponding films' full width at half maximum (FWHM) of the (110) peak and the ratio of (202) peak to (110) peak varying with the annealing temperature.
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grains appear when annealed at 160 °C. Specifically, as shown in
Figs. S2b and S8, the average grain size is 197 nm, 222 nm, 270 nm
and 479 nm for 100 °C, 120 °C, 140 °C and 160 °C, respectively. In
addition, some tiny particles, with relatively bright contrast
compared with adjacent grains, are present at the grain boundaries
when annealed above 140 °C (including 140 °C), which are specu-
lated to be Pbl, resulting from the decomposition of perovskite at
high temperature, as reported by others [53,54]. Moreover, many
tiny pinholes appear in the film annealed at 160 °C, which probably
come from the decomposition of perovskite as well, as displayed in
Fig. S9. To characterize the roughness of those perovskite films,
AFM tests were conducted (Fig. S10). The result implies that the
reaction temperature has little effect on the Root-mean-square
(RMS) roughness of perovskite films [25], though annealing at
120 °Cresults in the smoothest film with a RMS of 44.8 nm. On the
other hand, grain growth is apparent in the thickness direction. As
shown in Fig. 3e, when prepared at 100 °C, the perovskite layer is
made up of several stacking layers of small grains; however, those
small grains grow into columnar grains when the annealing tem-
perature increases to 120 °C (Fig. 3f). Further elevating the tem-
perature to 140 °C does not see significant changes, except that the
proportion of columnar grains increases, displayed in Fig. 3g. When
the annealing temperature further increases to 160 °C, the vertical
grain boundaries of columnar grains are obscure (Fig. 3h), indi-
cating that the grains are sintered together [55].

In addition, XRD measurement of these films, prepared at varied
annealing temperatures, was carried out in order to confirm their
phase composition. Fig. 3i shows all the samples display the same
characteristic peaks, with 14.22°, 20.15°, 23.61° and 24.62°
assigned to the (110), (200), (211) and (202) crystal planes of
CH3NH3Pbl; (tetragonal phase), respectively [56]. Luckily, as shown
in Fig. 3i, all the films annealed at different temperatures seem
Pbl,-free; however, due to the detection limit of XRD character-
ization, the presence of trace amount of Pbl, can't be excluded
absolutely, as indicated by those tiny bright particles in Fig. 3¢ and
d. In addition, the relative intensity of (202) peak to (110) peak
reduces as the annealing temperature increases, except at 120 °C
where it increases a little, as shown in Fig. 3j. That means annealing
at higher temperature will lead to more consistently oriented
grains. Moreover, the full width at half maximum (FWHM) of pe-
rovskite's (110) peak decreases gradually from 0.137° to 0.104°
when the annealing temperature increases from 100 °C to 160 °C,
which mainly results from the reduction of grain boundaries.

Surprisingly, the FWHM of our perovskite films annealed for
30 min at 100 °C, is much narrower than the reported one, which is
over 0.2° when annealing for 1 h at 105 °C by the interdiffusion
method [30]. The narrower FWHM means better crystallinity,
which may come from reduction in bulk defects or grain bound-
aries [30]. As the grain sizes are similar in both cases [30], the
higher crystallinity probably indicates fewer bulk defect in our
films. As indicated by previous studies, the bulk defects mainly
result from non-stoichiometrical composition [57—59]. That may
suggest the perovskite films in our case are closer to the stoichio-
metrical composition than those prepared with the interdiffusion
method [30], which was verified by the EDS test (displayed in
Fig. S11). It can be attributed to the facilitation of reaction and
homogenization by nanoporous Pbl,, because MAI is more evenly
distributed inside the nanopores in our case; while for the inter-
diffusion method, MAI layer is stacked on the compact Pbl; layer, in
which homogenization is more difficult. It shows the advantages of
In-Pbl, over c-Pbl, again.

Furthermore, we compared the absorbance of perovskite films
prepared at varied annealing temperatures, presented in Fig. 4a. It
shows that the samples of 100 °C and 120 °C show the highest and
lowest absorbance (above 500 nm), respectively; while those of
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Fig. 4. Effects of annealing temperature on (a) UV—vis spectra, (b) carrier concentra-
tion. (c) J-V curves of perovskite films with varied annealing temperature, and the J-V
curves are from the best samples in the same batch. (d) Comparison of carrier lifetime
of samples prepared at 100 °C and 120 °C. The inset of (d) are the OCVD curves, from
which the carrier lifetimes are deduced.

140 °C and 160 °C are similar. The variation of absorbance with
annealing temperature mainly comes from the change of rough-
ness, as a smooth surface will reduce light trapping effect, shown in
Fig. S10 [60]. Nevertheless, the light-harvesting efficiency (LHE)
doesn't vary much (Fig. S12a), which will not affect the J;. appar-
ently. Moreover, Hall effect measurement was conducted in order
to study the influence of annealing temperature on carrier con-
centration. As reported by others, all the samples prepared with the
solid-state reaction method are p-type, probably resulting from Pb
vacancies [30,57,58]. Fig. 4b shows the hole concentration de-
creases from 14.5 x 10" cm 3 to 2.7 x 10" cm3 for films with
annealing temperature rising from 100 °C to 160 °C. The reduction
of hole concentration can be ascribed to the decrease of defects:
fewer atomic vacancies (Pb) by eliminating excessive MAI and
fewer grain boundaries resulting from grain growth [30].

To investigate the effects of annealing temperature on photo-
voltaic performance, we fabricated planar PSCs with the setup
previously mentioned. Fig. 4c compares the J-V curves of the best
samples in the same batch, based on different annealing temper-
atures. When the annealing temperature increases from 100 °C to
120 °C, both of Ji and FF increase from 20.4 mA cm 2 to
222 mA cm~? and 54%—69.5%, respectively. The increase of J
(from 100 °C to 120 °C) was verified by the IPCE test as well, shown
in Fig. S12b. It shows that the IPCE of 120 °C is apparently higher
than that of 100 °C in the entire range, resulting in the integrated Jsc
of 21.2 mA cm~2 (120 °C) and 19.5 mA cm~2 (100 °C) which agree
well with the measured ones from the J-V curves. The improvement
of Jsc and FF can be ascribed to the reduction of grain boundaries
parallel to the substrate. As shown in Fig. 3(e) and (f), with

Stacking small grains
Spiro-MeOTA

Columnar grains
Spiro-MeOTA|

/ \
} Grain l
{ boundary

\ : : Tio, Tio, \

Fig. 5. Schematic illustration of photocarriers transporting in the setup of stacking
small grains and columnar grains, respectively. In the former setup, photocarriers have
to pass through additional grain boundaries which cause severe recombination.
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columnar grains in case of 120 °C, the photocarriers will avoid
passing through several layers of grain boundaries which cause
severe recombination, as they do in the case of 100 °C (as depicted
in Fig. 5) [20,21]. That was confirmed by the OCVD test. As the inset
of Fig. 4d shows, V. decays faster for the sample prepared at 100 °C
than that of 120 °C, indicating shorter carrier lifetime in small
grains (100 °C) than columnar grains (120 °C). As depicted in
Fig. 4d, the carrier lifetime of columnar grains (120 °C) is over 2
times longer than that of small grains (100 °C). Therefore a higher
charge collection efficiency is expected in the sample of 120 °C than
that of the 100 °C based sample, which contributes to a higher Js. at
120 °C [61]. That demonstrates the advantage of columnar grains.

Further raising the annealing temperature leads to a significant
loss in FF, from 69.5% at 120 °C to 60.0%, 63.1% for 140 °C and 160 °C,
respectively. Meanwhile, Jsc remains almost unchanged with value
above 22 mA cm~2; while for V,, it changes from 0.954 V to 0.940 V
and 0.970 V for 140 °C and 160 °C, as shown in Table S1. As a result,
the champion efficiency decreases from 14.7% at 120 °C to 12.8%,
13.7% for 140 °C and 160 °C, respectively. The deterioration of
performance at 140 °C, compared with 120 °C, mainly comes from
the enhanced recombination by Pbl, particles at the grain bound-
aries on the surface (Fig. 3c) [62]; while the improvement at 160 °C,
with respect to 140 °C, may result from the reduction of grain
boundaries by sintering grains together (Fig. 3h), which remedies
the influence of remnant Pbl, [55]. In addition, the average per-
formance of perovskite films prepared at varied temperature are
also listed in Table S1, from which we can infer that 120 °C is the
optimum annealing temperature for the In-Pbl, enhanced solid-
state reaction method.

Furthermore, the annealing duration at 120 °C was optimized as
well. The photovoltaic performance of samples with varied
annealing duration is displayed in Fig. 6. Specifically, Jsc remains
almost unchanged, around 22 mA cm2 for all the samples. While
for the average V. and FF, both of them peak at 60 min. As a result,
the samples annealed for 60 min deliver the highest average PCE of
14.6%. The increase of photovoltaic performance when extending
duration from 30 min to 60 min can be ascribed to the reduction of
defects by grain growth (Fig. 3b and f, S2b, S133, c and e), during
which many grains grow to micron-size; while it declines when
further extending to 120 min, which may come from the decom-
position of perovskite films, as indicated by those tiny particles at
grain boundaries (Fig. S13b), though no detectable Pbl; is present

(Fig. S13g). In addition, the performance of samples annealed for
60 min display the smallest standard deviation, as listed in Table S2.
Hence, annealing for 60 min at 120 °C is the optimum preparation
process.

One thing is worth noting: thermal annealing with a tempera-
ture >120 °C is indispensable for growing columnar grains in our
method, which provides the driving force for grain boundary
migration. That was easily demonstrated by characterizing the
evolution of grain growth at 100 °C for varied annealing duration,
presented in Fig. 3a, e and Fig. S14. As shown in Fig. 3a and S14a, the
average grain size almost remains unchanged, varying from 197 nm
to 199 nm as the annealing duration (at 100 °C) increases from
30 min to 120 min. In addition, the grain growth is not apparent in
the thickness direction either, without any columnar grains pre-
sent, shown in Fig. S14b.

The typical setup of planar PSC with the optimal process is
displayed in Fig. 7a, in which the perovskite layer is about 360 nm
in thickness with tiny variation. The uniformity in thickness con-
tributes to the high photovoltaic performance and reproducibility
[6]. Fig. 7b shows the J-V curves of the champion device, annealed
for 60 min at 120 °C, under forward and reverse scan directions. The
reverse scan results in a PCE of 16.4%, higher than 13.6% under
forward scan, displaying apparent hysteresis. Moreover, the PCE is
independent of scan rate when changing the dwell time from 10 ms
to 200 ms, though it drops a bit at 400 ms (Fig. S15). This phe-
nomenon of scan direction-dependent and rate-dependent PCE is
frequently reported in perovskite solar cells, which is still an open
question [63,64]. In addition, the IPCE spectrum of the champion
sample is presented in Fig. 7c. The IPCE curve shows a strong
response in the range from 410 nm to 710 nm with efficiency over
80%, and peaks at 91.5% (at 612 nm). The integrated Js. reaches at
21.7 mA cm 2, agreeing well with that measured from the J-V curve
(22.7 mA cm2).

In order to evaluate the performance of PSCs more precisely, we
also provided the stabilized PCE of a device with top PCE close to
the champion device, as displayed in Fig. S16. When held at a for-
ward bias at 0.78 V under AM1.5G illumination, the sample delivers
a stabilized photocurrent density of 18.2 mA cm~2 and the steady-
state PCE reaches 14.2% which is close to the average PCE of that
under reverse scan (16.0%) and forward scan (12.9%). Moreover, the
PCE distribution of PSCs prepared with the optimal process
(annealed for 60 min at 120 °C) is displayed in Fig. 7d, with an
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average efficiency of 14.2% and standard deviation of 1.1%. It shows
the desirable reproducibility of the In-Pbl, enhanced solid-state
reaction method.

3.3. The mechanism of In-Pbl, enhanced solid-state reaction

Based on aforementioned results, we can conclude that two
factors are critical to grow columnar grains of CH3NH3Pbls: the
nanoporous morphology of Pbl; films and thermal annealing with a
temperature >120 °C. In order to further understand the mecha-
nism of grain growth in the thickness direction, both of XRD spectra
and cross-sectional morphology were characterized in the different
stages of preparation.

Fig. 8a shows the XRD patterns of perovskite films in the
different stages of preparation. For the as prepared one without any
annealing, surprisingly, only a bit of Pbl, remains, indicated by the
weak (001) peak of Pbl,. With low-temperature drying, Pbl,-free
perovskite films are obtained. Additionally, (110) peak of perovskite
gets stronger (Fig. 8b), indicating better crystallinity. When
annealed at medium-high temperature (120 °C) further, the crys-
tallinity of perovskite films is enhanced significantly, suggested by
the dramatically increased (110) peak. Meanwhile, the FHWM of
(110) peak decreases sharply from 0.254° (as prepared one) to
0.137° (annealed for 60 min at 120 °C), demonstrating a consider-
able improvement in crystallinity as well. Two things are worth
noting: Firstly, excessive MAI is believed to remain in both of the as
prepare perovskite film and that with low-temperature drying,
though lack of characteristic peak near 30° in XRD spectra [8,65]. It
may come from the low crystallinity of MAI in the films, as indi-
cated by Yang et al. [34]. Additionally, that was supported by both of
SEM characterization and Fourier transform infrared spectroscopy
test, in which excessive MAI is observed both in the as prepared one
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and that with low-temperature drying (Fig. S17). Secondly, we
succeed to prepare Pbl,-free perovskite films even with low-
temperature solid-state reaction, which is desirable for flexible
perovskite solar cells. Relevant work about more detailed studies is
under preparation.

Moreover, the evolution of cross-sectional morphology was also
observed as the preparation went on, as shown in Fig. 8c—e. For the
as prepared one, the film consists of several stacking layers of small
grains whose sizes are smaller than 100 nm. In addition, the film is
not compact in the upper part, as displayed in Fig. 8c. After drying
at 75 °C for 5 min, the morphology changes apparently (Fig. 8d),
indicated by the larger grain size (typically >100 nm), and the film
get much more compact than the as prepared one. With medium-
high temperature annealing further, many columnar grains are
present (Fig. 8e), which implies significant grain growth is driven
by the thermal annealing at medium-high temperature.

Finally, based on those analyses, we propose the mechanism of
growing columnar grains in the In-Pbl; enhanced solid-state re-
action, as schematically shown in Fig. 8f. The entire preparation
consists of 4 stages and 3 steps. Stage 1 is the as prepared In-Pbl,
film, which turns into the as prepared perovskite film (stage 2) by
spin-coating of MAI solution. As analyzed above, some Pbl, and
excessive MAI remain, though the main phase is perovskite (Fig. 8a
and Fig. S17). Additionally, the residual MAI is supposed to
distribute in the entire thickness rather than on the surface only,
which has been demonstrated crucial for grain growth [34],
because MAI solution manages to infiltrate nanoporous Pbl;
effectively [15]. After low-temperature drying (75 °C), more
compact perovskite films with small grains are obtained, and the
remnant Pbl, is eliminated while the excessive MAI still remains
(stage 3). With further annealing at medium-high temperature (>
120 °C), the small grains grow into columnar grains with larger size,
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and the crystallinity of perovskite films get much better (stage 4).

To explain the role of excessive MAI playing in grain growth, we
propose a Vl';b—assisted grain growth model. Based on the classical
grain growth model, for ionic compound (just as CH3NH3Pbl3),
grain boundary migration is realized by the diffusion of ions, which
diffuses by hooping between vacancies of ions or interstitial sites
while grain boundary moves in the reverse direction [68,69]. In our
case, the most possible point defect is V,';b because CH3NHsl is much
richer than Pbl,, agreeing with the previous Hall effect result
(Fig. 4b) [57—59]. As indicated by some reports, however, the
activation energy for Pb%* migration is much higher than that of I
and CH3NHZ, which is likely to be the rate controlling process of
grain growth [70,71]. That would be the probable reason why a
temperature >120 °C is indispensable for growing columnar grains.
Additionally, much more excessive MAI is speculated to be present
at grain boundaries in the case of In-Pbl, based perovskite films
than those based on c-Pbl,. Therefore, more Vl';b are expected to
generate near grain boundaries in the case of In-Pbl, than that of c-
Pbl,, by which the migration rate of grain boundary is significantly
accelerated as the grain boundary mobility is proportion to the
vacancy concentration [68]. On the other hand, with much richer
MAI distributed at grain boundaries in the case of In-Pbl, based
one, the section near grain boundaries are more disordered, namely
in a high-energy state, which may contribute to decreasing the
activation energy for Pb?* migration. As a result, the rate of grain
growth in the case of In-Pbl, based one is much higher than that of
the c-Pbl, based one, leading to large columnar grains in In-Pbl;
based one while stacking layers of small grains in the c-Pbl;, based
one.

4. Conclusion

We demonstrated a strategy to grow high-quality perovskite
films with large columnar grains, using the solid-state reaction
enhanced by less-crystallized nanoporous Pbl;, films. The results
indicate that the In-Pbl; films outperform the c-Pbl, ones when
applied in the solid-state reaction, mainly in three aspects: firstly,
In-Pbl, can convert into perovskite much faster and completely;
secondly, larger columnar grains replace the small grains in the
case of c-Pbly; thirdly, the preparation of In-Pbl; films is annealing-
free, which is more energy-saving. As a result, when c-Pbl; is
replaced by In-Pbl, applied in the solid-state reaction, great im-
provements in PCE, reproducibility and stability are observed.
Furthermore, we thoroughly investigated the effects of annealing
temperature and duration on the properties and performances of
perovskite films, during which the preparation process was opti-
mized as annealing for 60 min at 120 °C. With this optimal process,
a champion efficiency of 16.4% was obtained, and the average ef-
ficiency reached 14.2%. Finally, the mechanism of growing
columnar grains by In-Pbl, enhanced solid-state reaction was
proposed, in which two factors are crucial: Firstly, thermal
annealing with a temperature >120 °C is needed to provide suffi-
cient driving force for grain growth; Secondly, the uniform distri-
bution of MAI inside nanoporous Pbl, films, facilitates the
migration of grain boundaries by a VI','b—assisted hooping process.
This method can be generalized to prepare other organometal
halide perovskite films with columnar grains. Moreover, this work
sheds light on the origins of grain growth in the solid-state reaction
method, which can be applied to prepare perovskite films with
much larger grains.
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