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Cesium lead iodide (CsPbl3) has gained great attention due to its thermal stability and appropriate bandgap
(~1.73 eV) at black (y) phase potentially suitable for tandem solar cells. However, it is challenging to obtain
CsPblI; film with desired black phase. Herein, we fabricate kinetically favorable y-CsPbls thin films by stoichi-
ometry modulation, where in-situ 2D GIWAXS measurement was innovatively performed to illustrate the phase
transition process of the precursor films, to aid a full picture study on the entire film evolution process.
Conceptually different from introducing other extrinsic species, the cogenetic doping by excessive cesium iodide
is found to tailor energy barriers for phase transformations during both the film formation and ageing process
simultaneously. During film growth, excessive CsI affects the formation of Pb—I complex in the precursor so-
lution, which facilitates the § to y phase transformation. Also, the Cs-rich resultant film could suppress y to &
phase transformation. The corresponding CsPbl; solar cells deliver a PCE of 16.68% without performance loss at
continuous maximum power point output (MPP) for ~175 h under continuous illumination in a Ny glovebox.
This work highlights the importance of precursors chemistry and provides guidelines to adjust the phase
transformation barrier in CsPbls films without any foreign additives.

1. Introduction

Over the past decade, unprecedented efficiency progress of hybrid
organic-inorganic perovskite solar cells (PSCs) have been witnessed
from an unstable 3.8% to certified 25.2%. [1,2] Inorganic PSCs, e.g.
CsPbls, have lately drawn tremendous attention due to their potentially
better thermal stability. [3] Additionally, the optical bandgap of CsPbls
is 1.73 eV, [4] an ideal absorber for the construction of tandem solar
cells by working with silicon or other low bandgap materials. Unfortu-
nately, the improper tolerance factor allows a kinetically favorable
formation of undesired non-photoactive yellow phase (8) during film
growth, and an easier transformation from photoactive black CsPbls to
yellow under the ageing conditions. The presence of & phase is
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detrimental to photoelectric conversion process for CsPbls solar cells. [5,
6] In addition, a highly crystalline, spatially uniform CsPbl; film cannot
be easily prepared due to the low mass transport and diffusion. [7] In
this regard, it is important to obtain high quality films with favored
crystallization, phase evolution kinetics, minimized charge traps and
structural defects, which is essential to lower carrier recombination rate
and improve device performance. [8].

Various approaches have been investigated to prepare highly crys-
talline CsPbls film so far. [9-201 gor instance, the incorporation of a small
amount of hydriodic acid (HI) in the precursor solution is the most
common approach to facilitate the conversion from & to y phase at
relatively low temperature (<200 °C). [9] This is likely due to either the
generation of lattice strain associated with the formation of small
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perovskite crystals by HI, or the more desirable tolerance factor of
perovskite phase by the employment of large cation DMA that formed
via the decomposition of DMF induced by HI. [10] Also, many other
doping methods have been used to stabilize the phase of CsPbls at lower
temperature by tuning the tolerance factor or surface energy, for
example, the partial substitution of iodide by bromide (CsPbls_,Br,),
[11-17] or the introduction of strontium, [17] bismuth, [18] sulfobe-
taine zwitterions, [19] and phenethylamine (PEA). [20] However, the
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above studies require the assistance from organic additives or foreign
elements which may adversely affect the thermal and/or the light sta-
bility. Interestingly, high quality black phase CsPbl3 can be obtained at
low temperature or even at room temperature by simply adjusting the
precursor stoichiometry without the involvement of foreign
additives, [21-23] e.g. the ratio of Csl/Pbl,. However, little research has
been reported regarding the relationship between the colloidal in-
termediates in the precursor composed of polyiodide complexes, [24]
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Fig. 1. (a) UV—Vis absorption spectra of perovskite precursors with different stoichiometric ratios of CsI/Pbl, varied from 1 to 1.5, the inset is locally magnified
spectra at 323 nm. b) the ratio of Pbl3/Pbl; verse different perovskite precursors, the inset is tyndall effect photographs of the 1.1 CsI/Pbl, precursor solution. c)
UV—Vis absorption spectra of the corresponding perovskite precursor films, the inset is the locally magnified spectra. 2D GIWAXS patterns for perovskite formations

at different crystallization stages versus spin-coating time (0 s and 240 s): CsI/Pbl, =

2D GIWAXS patterns (e—f) respectively.

1 and 1.1 for d) and e), respectively. f—g) 1D GIWAXS 260 signals generated from
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such as [Pbly], [PbIs] , [PbI4]2’ and crystallization kinetics, the
consequent morphology and phase evolution in CsPbls perovskite. So, it
is crucial to provide a clear and full picture from the precursor solution,
to the solvated intermediate, and the perovskite solid, that govern the
phase transformation of CsPbl3 film and the resulting optoelectronic
properties.

Herein, we performed a thorough analysis to systematically under-
stand the formation process and kinetics of CsPblz materials from pre-
cursor solution to final film by fine varying the stoichiometry of Csl/
Pbl,. In particularly, in—situ grazing incidence wide—angle X — ray
scattering (GIWAXS) was conducted to reveal the relationship between
precursor stoichiometry, varied polyiodide complexes in the precursor
solution, and phase evolution of CsPbls in the solvated intermediate and
final film. The excessive CsI would promote the formation of y-phase
CsPbl3. An appropriate excessive Csl is found to affect the phase trans-
formation kinetics, not only promoting the phase transition from & to y
in film formation process, but also retarding the phase transition from y
to § in the ageing process, that largely affect the resulting optoelectronic
properties. As a result, the excessive CsI modified CsPbls perovskite solar
cell delivers a PCE of 16.68% and a good long-term operational stability
with negligible degradation drop at the maximum power point under
continuous illumination for ~175 h.

2. Results and discussion

Herein, we carried out a full picture study to investigate the effect of
excessive CsI on the state of the precursor solution, the precursor films,
and the annealed final perovskite films. The detailed experiment
description is shown in SI. Briefly, we defined the samples of the ratio of
Csl/Pbl, = 1, 1.05,1.1, 1.5, 4 as 1 Csl/Pbly, 1.05 Csl/Pbly, 1.1 CsI/Pbl,,
1.5 Csl/Pbly, 4 CsI/Pbl,. UV-vis spectroscopy measurements were
conducted using diluted precursor solutions to avoid the strong ab-
sorption of Pb—I complex in the precursors, [24] shown in Fig. la—b and
Fig. S1—82 in the SI. Three peaks located at 294 nm, 323 nm, and 370
nm were attributed to Pbl,, Pblz, and Pbsz frameworks, respectively
(Fig. 1a). [24] Fig. S2 showed the statistical distribution of the ratio of
PbI3/Pbl, verse different perovskite precursors varied from 1 to 1.5.
Interestingly, compared to the reference, all samples with excessive CsI
showed increased absorption intensity of Pbl3 complex. The intensity
ratio of Pbl3/Pbl, was closely related to the stoichiometric ratio of
Csl/Pbl,, which maximized when the stoichiometric ratio reached 1.1.
Meanwhile, we carried out molecular dynamics (MD) simulations using
the density functional tight-binding method (Fig. S3—S5). When using
CsI/Pbl, = 1, we found that the clusters are mainly linear arrangements
of PbI, complexes surrounded Cs cations. Despite the differences, these
linear distributions of PbI, complexes in a given direction resemble the
structure of the yellow CsPbls (8) structure. For Cs-rich precursor solu-
tion system, we found the formation of a more 3-dimensional perovskite
clusters where Cs atoms directly face to the PbI, complexes. [25] This
theoretical calculation further indicates the connection mode of Pb—I
octahedral changed from edge— to corner— sharing, illustrating that the
polyiodide complexes evolved from PbI, to Pbl3. The inclusion of these
Cs atoms within the PbI, complexes can favor the crystallization of the
3D y-CsPbls, but hinders the formation of the &-CsPbls (Fig. S5).
Furthermore, the maximized ratio of Pbl3/Pbl, appears at 1.1 CsI/Pbly,
suggests the stronger interaction between Cs' and the inorganic
frameworks, which is in coincide with the higher surface tension,
derived from contact angle measurements of the precursor droplets
shown in Fig. S6. The underlying mechanism will be further discussed
later. From Fig. S7, we observed that the black y-CsPbls was formed
faster from all the excessive CsI samples compared to the reference (1
CsI/Pbly). This is likely due to that more Pbl3 complexes may act as
pre-nucleation sites, facilitating the phase transformation from yellow &
to black y-CsPbls. [23] However, incorporation of too much CsI will
further promote the formation of Cs4Pblg cluster rather than the desired
v-CsPbls.[26] Also, with the increase of the excessive CsI, the Pbly peak
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had a tendency to red-shift first, maximizing at 1.1 CsI/Pbly, followed by
a blue shift. The phenomenon was closely related to the size of colloidal
particles, [27] also evidenced by the dynamic light scattering (Fig. S7
and Table S2). This further confirms the fact that appropriate excessive
Csl will affect the complex type and colloidal size. In addition, we
analyzed the corresponding precursor film without annealing (Fig. 1c
and Fig. S8). All samples showed two main peaks located at 416 nm and
710 nm, which were attributed to & and black phase CsPbls, respec-
tively. Interestingly, 1.1 CsI/Pbl, sample showed the strongest signal of
black phase CsPbls, compared to that with other ratios. To be noted,
when CsI is excessive, the peak at 416 nm becomes asymmetric, sug-
gesting the potential coexistence of multiple phases. This is clearly
manifested in 1.5 CsI/Pbl, (Fig. 1c), where the above asymmetric peak
shifted to 380 nm divided into two peaks, one at 380 nm (y-Cs4Pblg) and
the other one at 416 nm (8-CsPbl3). In—situ 2D GIWAXS measurement,
which has not been employed before in CsPbl; materials system, was
performed to illustrate the phase transition process of the precursor
films. The data were collected when the precursor film experiencing
solvent evaporation during spin-coating process, and the detailed
description was shown in Supporting Information. The 2D GIWAXS
patterns and the derived 1D results were exhibited in Fig. 1d—e, Fig. S9
and Fig. 1 g—h accordingly. The details about the diffraction peaks were
summarized in Table S3. The diffraction peaks located at 10.03°, 13.17°,
22.53°, 25.55°, 26.30°, 26.98°, 31.12°, corresponding to the (002),
(012), (112), (113), (024), (015), (016) planes were ascribed to the
yellow &-phase CsPblgz (Fig. 1 f).[21,22] Along with the spin-coating
lasting from O s to 240 s, only 5-CsPbls exists in the precursor film for
the 1 Csl/Pbl, sample. Interestingly, the 1.1 CsI/Pbl, sample showed
dramatically different diffraction peaks that mainly located at 14.48°,
20.34°, 28.81°, corresponding to the (110), (220) and (004) planes for
the CsPbls distorted black perovskite phase (y). [28,29] During the
entire spin-coating process, the intensity of these diffraction peaks for
black y-CsPbl; enhanced gradually, except for a tiny amount of yellow
5-CsPbl3 appeared at 240 s. These observations indicated that the 1.1
Csl/PbI, sample preferentially formed the y phase, where the 1 CsI/Pbl,
formed the 8-phase. When the amount of CsI is continuously increased,
many non-optically active Cs4Pblg phase will generated, which are not
ideal for the all-inorganic perovskite photovoltaics. For the 4 CsI/Pbl,
system, the main diffraction peaks are ascribed to Cs4Pblg (Fig. S9).
GIWAXS measurements were further used to precisely investigate the
impact of the excessive CsI on the final film in terms of phase, the crystal
orientation in Fig. 2 and Fig. S10. It is noted that the samples were
unencapsulated and measured in the 20-30% RH ambience. For the
reference and 1.05 CsI/Pbl, sample (Fig. 2a—b), the strong diffraction
ring at ¢ ~ 10 nm™! and 20 nm™! are denoted as the characteristic
diffraction peaks of y-CsPbl3 (110) and (220),[28] where q is the scat-
tering vector (q= 4nsin0/A). Besides, the weak diffraction rings at q
~7nm ! and 8.4 nm™! are ascribed as the characteristic diffraction
peaks of 5-CsPbls (002) and (012). The phenomena show that the cor-
responding films have two different phases (y and 8). This is associated
to the fact that black phase y-CsPbls can’t resist the invasion of HyO
molecules, which partially transformed into the §-CsPbls. Encourag-
ingly, with the increase of excessive CsI (Csl/Pbl; =1.1, 1.5, 3, 4), the
diffraction rings of 5-CsPbl; disappear (Fig. 2c—d). Meanwhile, more
new diffraction peaks at 12.1°, 21.1°, 25.9°, 27.1°, 28.6° appear, which
can be assigned to the (012), (300), (131), (214), (223) of the 0 D
trigonal Cs4Pblg film (R-3c space group). [28] We also verified that the
formation process of Cs4Pblg is directly formed from the precursor so-
lution, instead of the solid-phase reaction between CsPblz and the
excessive Csl (Fig. S11-S13). For clearer visualization, the 1D diffraction
pattern derived from 2D GIWAXS patterns was integrated in Fig. 2e and
Table S3. Apparently, by increasing CsI/Pbl, ratio from 1 to 1.5, the
intensity ratio of (110) plane of y-CsPblg was enhanced accordingly,
reaching the maximum at 1.1 CsI/Pbl; ratio and then declined due to too
much generated Cs4Pblg phase at 1.5 CsI/Pbly, which were summarized
in Table S4. Besides that, excessive Csl changed the preferred stacking
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Fig. 2. (a—d) GIWAXS patterns for perovskite films with different CsI/Pbl, ratio: a) 1, b) 1.05, ¢) 1.1, d) 1.5. e) 1D GIWAXS 26 signals generated from 2D GIWAXS
patterns (a—d). f) Integrated intensity plots generated from 2D GIWAXS patterns (a—e) along the ring at ¢ = 10 nm’l, assigned to the perovskite (110) plane.

orientation and promoted the growth of the y-CsPblg (110) plane along
the out—of—plane direction, which was integrated in Fig. 3f. For the
reference and 1.05, 1.5 CsI/Pbl,, the integrated curves exhibit almost a
horizontal line with small protuberances at azimuth angles of 25°, 60°
and 90°, revealing a relatively disordered crystal stacking within the

perovskite thin films. For 1.1 CsI/PbIj, ratio, the convex area at an azi-
muth angle of 90° presented, suggesting the increased probability for
(110) plane stacking along the out-of-plane direction. [29] The 1.1
CsI/Pbl, stoichiometry is beneficial for fabricating highly crystalline
perovskite thin films with long-range order, instead of a relatively
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disordered crystal structure for the reference or 1.05, 1.5 Csl/Pbl,. As
the microstructure arrangement was closely related to the optoelec-
tronic properties of perovskite based thin films or devices, [30] we
expect that the different preferred crystal orientations could in part
account for the varied performance of solar cells with excessive Csl. The
state of the final films after the annealing process was also investigated
by UV—vis measurement (Fig. S14). Except for the reference with merely
black phase CsPbls, all other samples have two peaks at 380 nm
(Cs4Pblg) and 710 nm (black phase CsPbls). [31] Furthermore, the
stoichiometric ratios of CsI/Pbl; in the final films basically match with
that in the precursors, which were verified by the X — ray photoelectron
spectroscopy (XPS) analyses (Fig. S15 and Table S5).

A conceivable mechanism that CsI induced the phase transformation
kinetics is proposed based on the above experimental facts and theo-
retical calculations [Fig. S3-S5]. It is known that when PbI, dissolved in
the solution with DMF as major solvent, it stacks together via van der
Waals interactions due to its inherent 2D nature. [28] With the subse-
quent incorporation of the same proportion CsI (1 CsI/Pbl,), most of the
Cs™ couldn’t intercalated into the Pbl, —DMEF framework. In this case,
the 8-phase is preferably formed in the precursor film. As the amount of
Csl increasing, in other words, for 1.1 CsI/Pbly, it will drive more Cs*
intercalated into the Pbl, framework, thereby promoting the formation
of more Pblz complex. Formation of more Pbl3 could also enable
stronger interaction between Cs and the inorganic frameworks. This
will allow a considerable quantity of perovskite structure pre-formed in
the solution state, which substantially facilitate the phase transition
from & to vy, affording the favorable formation of y phase. The morpho-
logy/composition evolution of the CsPbls film with different excessive
Csl was further investigated (Fig. S16-518). For 1 CsI/Pbly, the film is
very rough with visible unevenness on millimeter scale. Conversely,
with the increase of excessive Csl, a uniform and shiny perovskite film
can be obtained. Moreover, newly formed species appeared in adjacent
grains in the perovskite film (Fig. S16-S17). Through the
Energy-dispersive X-ray spectroscopy (Fig. S18 and Table S6), the I/Pb
ratio of the newly formed species (part B) was about ~6.23, much higher
than that in other parts (part A). These species are speculated to be
Cs4Pblg, as indicated in the GIWAXS, UV-vis measurement above.
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Subsequently, we have done stability test under high humidity (40%RH)
to verify whether the Cs4Pblg phase at the grain boundary helps stabilize
the y phase CsPblz. As shown in Fig. S19, the 1.1 CsI/Pbl; and 1.5
Csl/Pbl, film can partially retain black y phase after storing in an air
glovebox with a relative humidity of 40% at room temperature for half
an hour, while other films, especially the pure CsPbl; film, turn into
complete yellow & phase. It indicates that the excessive Csl in the pre-
cursor solution would eventually form Cs4Pblg structure, which could
serve as a wrapping layer on the formed y-CsPbl; phase, inhibiting the
phase transition from y to 8 phase during the film ageing process.
Therefore, by fine tuning the precursor stoichiometry, we are able to
modulate phase transformation kinetics during film formation and
ageing process.

Fig. 4a—b show the schematic diagram of the CsPbls/Cs4Pblg struc-
ture, in which yellow color represents the wide bandgap (3.4 eV)
Cs4Pblg at grain boundaries (GBs), while green color represents the
narrow bandgap (1.7 eV) CsPblz grains (GIs). Scanning kelvin probe
microscopy (SKPM) was further employed to examine the potentials
difference between the CsPbl; grain and GBs (Fig. 4c—d and Fig. S20).
For 1 CsI/Pbl, and 1.1 CsI/Pbl,, we draw straight lines across grain/
grain boundary at three different regions, defined as 1, 2, and 3 in the
AFM and SKPM images, respectively. The pure CsPbl; film exhibits a
higher surface potential at the GBs than that at the GIs for around
15 mV, hindering the extraction of holes, which is consistent with the
previous observation in the hybrid perovskite solar cells. [30] In
contrast, for the 1.1 CsI/Pbly, the surface potential values at the GBs are

Table 1
The contact potential difference (CPD) and work function of 1.1 CsI/Pbl,
perovskite film.

Sample CPD/mV (average) Work Function /eV (average)
Part 1:GB 455 4.596
Part 1: GI 477 4.573
Part 2: GB 454 4.597
Part 2: GI 468 4.583
Part 3: GB 452 4.599
Part 3: GI 473 4.578
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Fig. 4. (a) The schematic diagram of in-situ Cs4Pbls passivated CsPbl; film, yellow color represents the wide bandgap Cs4Pblg at GBs, green color represents the
narrow bandgap CsPbl; grain. b) The coexistence of Cs4Pblg and perovskite in the film shows a type I alignment of the band edge, with the band gap of 3.4 and
1.7 eV, respectively. ¢) AFM image. d) Two—dimensional surface potential spatial maps of 1.1 CsI/Pbl, perovskite film, scale bars is 1 um. e—g) 1D line profiles of the
corresponding CsPbl; film. h) the steady photoluminescence spectra (PL). i) Time-resolved photoluminescence (TRPL) spectra of the perovskite films with different

CsI/PblI ratios (1 and 1.1).
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of a distinct 20 mV lower than that of the GIs on average (Fig. 4e—g and
Table 1), leading to upward bending and facilitated hole extraction,
which is possibly resulted from newly formed Cs4Pblg. To further study
the recombination behavior of the photogenerated charge carriers in the
reference and 1.1 CsI/Pbl; films, we conducted steady—state and time-
—resolved photoluminescence (PL, TRPL) spectroscopy measurements.
As shown in Fig. 4 h—i, only one PL peak located at 716 nm associated
with y-CsPbl3 was observed, wherein no Cs4Pblg signal was detected.
While, the enhanced PL intensity and longer lifetime were observed in
the 1.1 CsI/Pbl, film that were believed to relate with the reduced
carrier recombination. Also, space—charge limited current (SCLC)
measurements were utilized to estimate the charge trap densities
(Fig. S21 and Table S7). The measured Vrg for the reference CsPblg
device was ~0.37 V, whereas the value decreased to 0.22 V for 1.1
CsI/PbI; device. Accordingly, a decrease of nyap of ~1.46 x 10" em™3
for the 1.1 CsI/Pbl, device was observed, compared with the control
CsPbl; device (~2.46 x10'® c¢cm™), indicating the suppression of
non-radiative recombination in the 1.1 CsI/Pbl, device. [30] Therefore,
the reduced carrier recombination could be attributed to the following
two reasons: 1) the introduction of excessive CsI modulated the crys-
tallization kinetics, resulting in improvement of optoelectronic proper-
ties, such as reduction of defect density; 2) the self-induced conversion
of Cs4Pblg effectively passivates the grain locally by forming type I
alignment with CsPbls/Cs4Pblg, preventing carrier recombination from
the surface defects and traps states.

We adopted these high-quality 1.1 CsI/Pbl, perovskite films as
absorber layers to fabricate solar cells by employing a typical planar
configuration of ITO/SnOy/perovskite/Spiro—MeOTAD/Au. From the
SEM image (Fig. S22), the thicknesses of perovskite layer can be esti-
mated to be about 400 nm. Fig. 5a and Fig. S23 showed the statistical
distribution of PCE, Jsc, Voc, and FF for these devices. The average PCE
increased from ~12.8% to ~14.7% in the CsPbls perovskite upon the
introduction of excessive CsI. The champion 1.1 CsI/Pbl, based PSC
exhibits 15.13% efficiency over the 13.84% of 1 CsI/Pbl, based PSC
device (Fig. 5b and Table 2) , which can be mainly attributed to the
enhancement of the FF from 70.9% to 75.09%, arising from the lower
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Table 2

Photovoltaic parameters of the champion solar cells using 1 CsI/Pbl,, 1.1 Csl/
PbI, perovskite film and CsI post—treatment 1.1 CsI/Pbl, perovskite film as the
absorber layers.

Device (X) Voc (V) Jsc (mA/cmZ) PCE (%) FF (%)
1 1.063 18.36 13.84 70.9
1.1 1.074 18.77 15.13 75.09
Csl post—treatment 1.133 18.85 16.68 78.15

trap densities and longer carrier lifetime mentioned above. Further-
more, in order to further verify that the introduction of excessive CsI will
improve the photoelectric performance, different processing steps were
adopted to prepare perovskite absorber layers and the the corresponding
solar cell were constructed, as shown in Fig. 524 and Table S8. To further
strengthen the passivation effect, we coated an additional 2 mg/ml Csl/
methonal (MeOH) solution onto the 1.1 CsI/Pbl; film which was further
annealed at 100 °C for 5 min. As shown in Fig. S25, no new phase such
as Cs4Pblg was formed, indicating that the post-treatment results in an
excess amount of CsI onto the surface of perovskite layer. The neat
methanol post—treated devices were fabricated, which show negligible
difference in photovoltaic parameters compared with the untreated
ones. as shown in Fig. S26 and Table S10. In contrast, a Csl/methanol
solution could dramatically improve the photovoltaic parameters,
particularly for FF and Voc. This suggests the improvement of efficiency
after Csl/methanol post-treatment is mainly due to the role of CsI
instead of methanol. The champion device of 1.1 CsI/PbI;, with CsI post
treatment displayed an efficiency of 16.68% with a Jsg of
18.85 mA-cm 2, Voc of 1.133 V, and FF of 78.15% under reverse scan
(Fig. 5) and exhibited an efficiency of 16.31% with a Jgc of
19.34 mA cm ™2, Voc of 1.11V, FF of 75.85% under forward scan.
Compared to the reference, the 1.1 CsI/Pbl, device with the CsI post
treatment also showed negligible J—V hysteresis (Fig. 5c and Table S9),
resulting in a stable PCE output of 15.7% (Fig. 5d). Hysteresis index
“H—index” was calculated and summarized in Table SO, and the
H-—index reduced significantly with CsI post treatment. Furthermore,
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Fig. 5. Performance of inorganic perovskite solar cells. a) Statistics of PCE for devices using 1 CsI/Pbl,, 1.1 CsI/Pbl, and CsI post—treatment 1.1 CsI/Pbl, perovskite
film as the absorber layers. b) J—V curves of the devices using 1 CsI/Pbl,, 1.1 CsI/Pbl, perovskite film as the absorber layers. ¢) J—V curves of the device using CsI
post—treatment 1.1 CsI/Pbl, perovskite film as the absorber layers. d) The steady state output efficiency for the champion 1.1 Csl/Pbl, perovskite film based PSC. e)
Stability of CsI post—treatment 1.1 CsI/Pbl, perovskite film based PSCs stored in the N filled glovebox for 45 days. f) The MPP tracking of non—encapsulated CsI
post—treatment 1.1 CsI/Pbl, perovskite film based PSC measured under continuous white light LED illumination (100 mW-cm~2) in a N, glovebox.
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the corresponding PSCs also exhibit higher reproducibility with a nar-
row PCE distribution (Fig. 5a) compared to the reference one. We
speculate that the CsI passivation promotes the device performance by
reducing carrier recombination at the interface of the absorber and
transport layers. As shown in Fig. 527, this type I band alignment be-
tween Csl and CsPblz forms energy barriers to prevent excitons from
reaching the grain boundary trap states and defects, thus blocking the
nonradiative channels [31,32]. Finally, the photovoltaic performance of
ten of our best cells after 45 days storage in a glovebox were presented in
Fig. 5e, demonstrating a commendable long durability. The slightly
improved efficiency, rather than a dramatic drop, pointed out to a
possible improved contact between hole transport layer and CsPblg
during storage, which assisted fast extraction of free carriers and thus
enhanced performance of the PSCs. [33-35] Moreover, the 1.1 CsI/Pbl,
device with CsI post—treatment exhibited much improved stability with
no performance loss for ~175 h MPP tracking under continuous illu-
mination (white light LED source with a illumination spectrum within
400-700 nm, 100 mW~cm’2, Fig. S28) in a N glovebox at 25 °C. In
contrast, the reference (Fig. S29) retained 80% of the initial PCE after
70 h. Therefore, excessive Csl precursor stoichiometry modulator can
lead to a better control of the crystallization kinetics, accompanying
with improved optoelectronic properties such as the suppression defect
density of perovskite films.

3. Conclusion

In summary, we provide a full picture on how the stoichiometric
ratio of CsI/Pbl, impact the polyiodide complexes in the precursor so-
lution, and phases evolution of CsPbI3 during film formation and ageing,
which is particularly aided by in-situ GIWAXS measurement. Different
from intruding any foreign dopants, the excessive CsI itself could pro-
mote the favorable formation of black y phase in the precursor film that
aided by polyiodide complexes transferring from Pbl, to Pbl3 with Pb—I
octahedral changed from edge sharing to corner sharing, in contrast to
the overwhelming yellow &-phase for 1 CsI/Pbl,. Moreover, the exces-
sive CsI in precursor solution leads to Cs4Pblg in the final film, which not
only effectively passivates the grains to modify its photoelectric per-
formance, but also retards the phase transformation from black y to
yellow & phase. As a result, the optimized PSCs delivers both improved
efficiency and stability, reaching 16.68% PCE without performance drop
for ~175h under continuous illumination. This work provides an
effective means to tune the phase transformation barrier of CsPbls films
and highlights the importance of precursors chemistry on the fabrication
of high-quality perovskite semiconductor.

4. Experimental section
4.1. Chemicals

The commercial chemical materials used were listed as follows:
acetone (AR Beijing Chemical Works), ethanol (AR Beijing Chemical
Works), isopropanol (99.99%, Sigma—Aldrich), CsI (99.99%, Sigma-
—Aldrich), Pbl; (99.999%, Xi’an Polymer Light Technology Corp.), N,
N — dimethylformamide (DMF; 99.99%, Sigma—Aldrich), Dimethyl
sulfoxide (DMSO, 99.99%, Sigma—Aldrich), SnO; colloid precursor
(Alfa Aesar, 15% in H,0 colloidal dispersion), chlorobenzene (99.9%,
Sigma—Aldrich), Spiro—OMeTAD (99.9%, Xi’an Polymer Light Tech-
nology Corp.) and PCBM (99%, Xi’an Polymer Light Technology Corp.)
were used directly without any purification.

4.2. Device fabrication

ITO—coated glass substrates were ultrasonically cleaned by deter-
gent solution, deionized water, acetone, and ethanol for 15 mins each,
and then dried with nitrogen blowing. A compact ~30 nm SnO5 film was
coated on UV—Og pre—treated ITO substrate. CsPbl3 precursor solution
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(0.65 M) was prepared by dissolving CsI and Pbl, in DMF and DMSO
(DMF:DMSO=30:1) with different molar ratios of 1:1, 1.05:1, 1.1:1,
1.5:1, perovskite precursors were spin—coated in a two—step process at
speed of 1000 and 2000 rpm for 3 s and 25 s, respectively. The obtained
perovskite films were annealed at 320 °C for 3 mins. After cooling down
to room temperature, a hole transport layer (HTL) was formed onto a top
CsPblI; films by spin—coating a HTL solution at 3000 rpm for 30 s. The
HTL solution was prepared by dissolving 72.3 mg Spiro-OMeTAD in
1 ml chlorobezene with additives of 30 pL tert-butylpyridine (TBP) and
35 pL Libis (trifluoromethanesulfonyl) imide (Li-TFSI). Finally, a
100 nm thick gold electrode was deposited by thermal evaporation
through a shadow mask. The optical active layer of the solar cells is
0.08313 cm?. All the fabrication steps were conducted in a nitrogen-
filled glovebox except for the fabrication process of SnO; layer.

4.3. Characterization

The SEM images were acquired by using a field-emission scanning
electron microscopy (SEM, Hitachi S-4800), using an electron beam
accelerated at 500 V to 30 kV, enabling operation at a variety of cur-
rents. One dimensional X-ray diffraction (XRD) spectra was obtained by
using Rigaku D/MAX 2400 diffractometer using Cu Ko radiation
(A = 1.5405 A) as the X-ray source. The UV-vis absorption spectra of
the samples was obtained by an UV-visible diffuse reflectance spectro-
photometer (UV-vis DRS, Japan Hitachi UH4150). Two—dimensional
synchrotron radiation grazing incidence wide-angle X-ray scattering
(GIWAXS) were performed at BL14B beamline, Shanghai synchrotron
Radiation Facility with a wavelength of 0.6887 Ato analyze the crys-
tallinity and orientation within the perovskite films. 2D GIWAXS data
were acquired by using a MarCCD with a distance c.a. 450 mm from the
samples. Atomic force microscopy (AFM) measurements (Bruker
Dimension Icon) were conducted to investigate roughness of CsPblg
films. PL testing was based on the FLS980 (Edinburgh Instruments Ltd)
with an excitation at 470 nm. The UV-vis absorption spectra of the
samples were obtained by an UV-visible diffuse reflectance spectro-
photometer (UV-vis DRS, Japan Hitachi UH4150). J-V characteristics of
photovoltaic devices were obtained by using a Keithley 2400 source
meter under simulated one-sun AM 1.5 G illumination (100 mW cm™?)
from an Oriel 300 solar simulator. The J-V measurements were carried
out in a N glovebox. For UV-vis absorption measurement: To be noted,
the above precursor solutions is diluted (10 pL in 5 ml DMF) to clearly
reveal the presence of Pbl,, Pblz, PbI3~ by avoiding the strong absorp-
tion of Pbl,. For GIWAXS measurements: In order to shorten the
detection time, the CsI/Pbl; precursor film was spin-coated in advance,
and placed in a glove box for 45 min, and then experienced dynamic
observation for 240 s using GIWAXS technique.
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