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lon migration and diffusion, particularly in the case of halide ions, are among the bottlenecks of the
efficiency and stability of perovskite solar cells (PSCs). The residue of lead iodide (Pbly) is easily produced
by the spin-coating deposition of the perovskite film, which introduces more uncertainty to the active
layer and even leads to adverse effects across the interface. In this study, a clever strategy of in situ syn-
thesis anion-barrier was used to lock the iodide ions at the heterogeneous interface. The solution is to
convert the residual Pbl, into §-CsPblz, which is more capable to bind iodine. These in situ synthesized
§-CsPbls not only blocked the diffusion of iodide ions into Spiro-OMeTAD but also promoted the energy
level alignment about 0.3 eV between perovskite and Spiro-OMeTAD. Fortunately, this also improved the
quality of the active layer. In the end, the device based on in situ synthesized anion-barrier achieved an
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ment. Meanwhile, the stability of the treated PSCs maintained 88.2% of their initial PCE after being stored
for about 1200 h under dark conditions and controlled RH of 15-25%. This study provides a new solution
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1. Introduction

Due to the advantages of perovskite materials, such as low cost,
adjustable band gap and long carrier diffusion length, perovskite
solar cells (PSCs) have flourished rapidly in the past decade and
attracted the attention of many researchers."™ Single-junction
PSCs have reached the highest power conversion efficiency (PCE)
of 26.1%,>°® and many bottlenecks still need to be addressed in
order to achieve faster commercialization. Ion migration and
diffusion are among the key factors affecting the performance
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and technical reference for the inhibition of ion diffusion in PSCs.

and stability of PSCs. In particular, in normal devices, anion
diffusion has seriously restricted their applications.

Most of the organic-inorganic hybrid perovskite films are
deposited by the solution method and then annealed to
achieve crystal phase transformation. It is difficult to avoid
residual lead iodide (Pbl,) in the active layers due to the differ-
ence in the escape temperature of each component.”® The bad
effect has been confirmed by numerous reports. For example,
Adachi et al.>'° found that perovskite films would be seriously
degraded under light, forming metallic lead (Pb%) and iodine
elements due to the existence of Pbl,. Deep level defects were
introduced because of the reduced trap activation energy,
degrading the perovskite films and reducing the device
stability.""'* In addition, because of the potential difference
between the perovskite and Spiro-OMeTAD, the charge trans-
port was seriously reduced, resulting in the loss of open circuit
voltage (Voc)."> The introduction of a heterojunction can
greatly improve this situation. Li et al.** introduced a 8-FAPbI;
heterojunction on top of the perovskite to better match the
energy levels between the perovskite and Spiro-OMeTAD,
finally increasing the Vo value from 1.12 to 1.16 V. Similarly,
other researchers have achieved these energy level adjustments
by introducing foreign functional molecules or dopants such
as NDAPBF, '* and PETA-G.'® However, energy level regulation
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alone cannot solve all problems. Another trouble particularly
prominent in PSCs is lattice defects and even the rapid degra-
dation of the active layer caused by the migration of halide
ions.’”'® The void of iodine forms defects in perovskites, and
the escaping iodine ions would diffuse to the Spiro-OMeTAD
layer and react with it. According to a report,'® Spiro-OMeTAD"
can interact with iodine ions to irreversibly reduce the electri-
cal conductivity of Spiro-OMeTAD. The iodide ions diffused
out of Spiro-OMeTAD can also react with the Ag electrode.”**"
The iodide-induced formation of silver iodide would continu-
ously degrade the perovskite films and ultimately reduce the
device stability. Clearly, the residual PbI, not only affects the
contact interface but also provides a channel for ion migration
or diffusion. It is very hard to solve these problems simul-
taneously, and the reported work only focused on how to
reduce PblL,.>**® It is difficult to block halide ions without
affecting the charge transport.

In this study, a strategy of in situ chemical reaction to con-
struct the anion-barrier is proposed to optimize the hetero-
geneous interface between the active layer and hole transport
layer (HTL), consuming the residual Pbl, generated by solution
deposition. The PbI, on the perovskite are converted into
8-CsPblI; with higher stability, which can improve the energy
alignment between the perovskite film and HTL to enhance
the Voc. The formation of 8-CsPbl; effectively made up for the
deficiency of iodide ion and resisted the diffusion of iodine
ions from the perovskite to Spiro-OMeTAD. §-CsPbl; also
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improved the surface hydrophobicity of the perovskite films to
increase the device stability. Finally, the quality of both perovs-
kite and Spiro-OMeTAD films was improved. The stability and
efficiency of the sample after the introduction of the anion-
barrier were significantly improved. These results will provide
new solutions and technical references for the inhibition of
ion diffusion.

2. Results and discussion
2.1. In situ synthesis and influence

The fabrication process and interaction mechanism of the
double-layer structure of perovskite/5-CsPbl; is shown in
Fig. 1. The residual Pbl, during the preparation of perovskite
can be converted into §-CsPbl; by reacting with Cs-I precursor
solution. In order to confirm that the Cs-I treatment can
reduce the residual Pbl, in the perovskite film, a higher con-
centration of Cs-I precursor was used, and the X-ray diffraction
(XRD) patterns were used to determine the final products. The
sample prepared using PblI, and Cs-I precursor solution with
equal molar ratio was obtained after annealing at 60 °C for
10 min. As shown in Fig. 2a, eight peaks appeared at 7.17°,
9.87°, 11.24, 25.64°, 26.27°, 27.02°, 29.24°, and 31.20°, respect-
ively, compared to the material from the Cs-I precursor and
substrate (Fig. S1at). According to the literature reported,>**®
these peaks come from §-CsPbI;. The XRD patterns of the
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Fig. 1 Schematic illustrations of the fabrication process and interaction mechanism for the perovskite and Cs—I precursor solution.
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Fig. 2 (a) XRD patterns of the samples by reacting Pbl, with equal molar Cs—I precursor solution; (b) UV-visible absorption spectra of the synthetic
material, W/O and Cs—I-modified samples. XRD patterns for (c) the reference and films treated with low and high concentrations of the Cs—I precur-

sor and (d) the W/O and Cs—I-modified perovskite films.

samples by reacting PbI, with equal molar Cs-I precursor solu-
tion at different annealing times are obtained as shown in
Fig. S1b,T indicating that there is no transformation process
from o-CsPbl; to 6-CsPbl;. Further verification of the UV-
visible absorption spectra is shown in Fig. 2b, which is consist-
ent with that of the 3-CsPbl; film in the literature.”® Fig. 2c
show the results of XRD measurements of three samples with
different concentrations of Cs-I precursors. Compared with
the reference sample without Cs-I treatment (W/O), the peak at
12.7° belongs to Pbl,. The Pbl, content decreases in low Cs-I
concentration (0.15 mg mL™', named LC-Cs-I-modified)
treated sample and completely disappears in high Cs-I concen-
tration sample (0.5 mg mL™", named HC-Cs-I-modified). The
disappearance of Pbl, and the above-mentioned results confirm
that the Cs-I precursor solution reacts with residual PbI, to
form 8-CsPbl;. In addition, the cooperation of Cs" with the bulk
phase of the perovskite can be confirmed by the two diffraction
peaks of (001) and (022), moving to a higher angle at high con-
centration Cs-I treatment, as shown in Fig. Sic and d.f

For studying the effect of Cs-I precursor solution on the
crystallization of perovskite films, XRD comparison was per-
formed on the optimal concentration Cs-I modified (Cs-I-
modified, 0.15 mg mL™") and unmodified (W/O) perovskite
films. As shown in Fig. 2d, the diffraction peaks of both the

This journal is © the Partner Organisations 2024

samples are almost the same. The two main peaks (001) and
(022) are at 14.03° and 28.25°, respectively, indicating the not
affected lattice of the perovskite.”””*® However, the peak inten-
sities of the (001) and (022) peaks are enhanced after Cs-I
modification, which can be attributed to the better crystallinity
with reduced defects,® as will be demonstrated later. The full
width at half maximum (FWHM) of the three diffraction peaks
is given in Table S1.f The unchanged FWHM at the (001)
plane implies that the grain size of the perovskite film is
hardly changed by Cs-I treatment. The higher UV-visible
absorption spectra shown in Fig. 2b is another advantage of
the Cs-I treatment.

The top-view scanning electron microscopy (SEM) images
compared in Fig. S2a and bf show generally small morphology
difference between the reference and Cs-I-modified perovskite
films. The much smaller nanoparticles marked by red circles
of the Cs-I-modified film are believed to be 8-CsPbl; particles.
Furthermore, the cross-sectional SEM images shown in
Fig. S2c and df show little change, which is similar to those
reported before.*°

2.2. Interfacial anion barrier and optimization

X-ray photoelectron spectroscopy (XPS) measurements were
performed to confirm the interaction between the Cs-I precur-
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sor solution and perovskite or Spiro-OMeTAD. As shown in
Fig. 3a and b and listed in Table S2,{ the binding energy peaks
of Pb 4f,, and Pb 4f;, after Cs-I modification shift toward
higher binding energies of 136.92 and 141.82 eV, respectively,
0.1 eV larger than the reference ones. These shifts indicate the
formation of 8-CsPbl; because the binding energy of Pb>* in
8-CsPbl; " is higher than that in FAPbI;.>* At the same time,
the core-level spectra of I 3d for W/O and Cs-I-modified per-
ovskite films are shown in Fig. 3c and listed in Table S2.1 The
almost unchanged binding energy values are consistent with
the structure of PbI;~ in 8-CsPbl;. Fig. 3d shows the typical I
3d signals in the Spiro-OMeTAD film without Cs-I modifi-
cation, which is believed to be caused by the diffusion of
iodide ions from the perovskite. These diffused iodide ions
will eventually react with Spiro-OMeTAD to reduce its electrical
conductivity and can further react with silver electrodes to
form silver iodide® to reduce the device stability. After Cs-I
precursor solution modification, no iodine signals are detected
on the surface of the Spiro-OMeTAD film, as shown in Fig. 3d.
The in situ synthetic 8-CsPbl; prevents the diffusion of iodine
ions to the Spiro-OMeTAD film.

The energy dispersive spectroscopy (EDS) spectrum, as
shown in Fig. S3a-c,t shows the uniform distribution of lead,
iodine, and cesium. This shows that the Cs-I precursor solu-
tion can distribute uniformly on the surface of the perovskite.
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According to reports,*
the perovskite films.

Atomic force microscopy’* (AFM) was carried out to study
the effect of the Cs-I precursor solution on the surface mor-
phology of the perovskite films. As shown in Fig. S4a and b,
the Root Mean Square (RMS) of the pristine perovskite film
(W/0O) is slightly reduced from 39.5 to 31.0 nm after Cs-I pre-
cursor solution treatment. This can be attributed to the
formed 8-CsPbI; by recrystallization to fill the concave of the
surface of the perovskite at the moment of preparation.
Furthermore, the contact angles were obtained by contact
angle measurements (Fig. S4c and df). The water contact angle
measurements>>° increase from 55.56 to 64.42°, demonstrat-
ing better hydrophobicity after introducing the Cs-I precursor
solution. The better hydrophobicity of the Cs-I-modified treat-
ment will then be beneficial to the higher stability of the per-
ovskite film.

Not limited to the improvement of the crystallinity of per-
ovskite films, the positive contribution to the energy level
alignment is further confirmed by ultraviolet photoelectron
spectroscopy (UPS).>” As shown in Fig. 4a and b, the Fermi
edge (Epeqge) and the cut-off binding energies (Ecucworr) Of the
perovskite film without modification (W/O) are 1.50 and
16.22 eV, respectively, while the two values are shifted to
higher values of 1.53 and 16.57 eV, respectively (Fig. 4c and d),

PbI, is normally located on the top of
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Fig. 3 XPS results of the Pb 4f spectra of perovskite films (a) without and (b) with Cs—I precursor treatment. The comparison of | 3d signals without
and with Cs—I precursor treatment (c) on perovskite films and (d) on Spiro-OMeTAD films.
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after Cs-I modification. Based on the band gap (E;) acquired
from the (ahv)” versus photon energy shown in Fig. S5a,1 the
E, of both perovskite films is determined to be 1.56 eV.
According to the formula,*®**° the conduction band minimum
(CBM) and valence band maximum (VBM) are calculated to be
—4.94 and —6.5 eV, —4.53 and —6.22 eV, respectively, for the
reference and the film after modification (Fig. 4e). The lower
VBM value for the Cs-I-modified perovskite film matches
Spiro-OMeTAD better, which is conducive to hole transport
and increases the V.

Generally speaking, the greater the built-in potential, the
greater the driving force of charge transmission,*"*> which
can be more conducive to charge transmission and carrier col-
lection. Indeed, the result of the Mott-Schottky curve measure-
ment displayed in Fig. S5bf shows a larger built-in potential
after Cs-I modification (0.95 compared 0.90 V of the refer-
ence), which is beneficial for achieving higher Voc.

2.3. Device construction and characteristics

Subsequently, the samples with structures of Quartz/pristine
PVSK/Spiro-OMeTAD and Quartz/Cs-I-modified PVSK/Spiro-
OMeTAD were used to conduct steady-state photo-
luminescence (PL) and time-resolved photoluminescence
(TRPL) measurements. The lower PL intensity of Cs-I-modified
PVSK shown in Fig. 4f may be caused by two possibilities. The
first is due to the enhancement of carrier extraction and trans-
port at the interface, and the second is the increased trap
defects in the perovskite film.** According to the above discus-
sion, the fewer defects after Cs-I precursor treatment con-
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cludes that the reduction of the PL intensity is attributed to
the better carrier extraction and transport. The TRPL measure-
ments shown in Fig. 4g further confirms this conclusion. The
fast and slow decay lifetimes (z; and 7,) obtained through bi-
exponential fitting and then the calculated average decay life-
time (r4,¢)***> are listed in Table S3.1 The smaller lifetimes of
the Cs-I-modified perovskite sample (zue, 71, and 7, are
143.96, 50.11, 195.17 ns, respectively) than those of the pris-
tine perovskite sample (zaye, 71, and 7, are 238.11, 73.73, 282.73
ns, respectively) is the indicator of more efficient hole extrac-
tion, which is mainly ascribed to the more matched energy
levels between the perovskite and Spiro-OMeTAD.

The two hole-only devices with the structures of ITO/
PEDOT:PSS/pristine or Cs-I-modified perovskite/PTAA/MoO;/
Ag were fabricated to estimate the defect concentrations by the
Space Charge-Limited Current (SCLC) method. The dark j-V
curves of the two devices shown in Fig. 5a and b give the trap-
filling limited voltage (Vrrr) of 0.378 and 0.132 V, respectively.
Then, the defect density of ITO/PEDOT:PSS/perovskite/PTAA/
MoOs/Ag is calculated to be 6.19 x 10"® cm™>, much larger
than that of the ITO/PEDOT:PSS/Cs-I-modified perovskite/
PTAA/M0O;/Ag of 2.03 x 10" em™. This is consistent with the
results in the previous section. The reduction of defects can
help charge transportation, thereby increasing the capture
efficiency of the carrier.*®™*®

The effects of Cs-I modification on charge transportation
and carrier lifetime were further investigated by Transient
Photocurrent (TPC) and Transient Photovoltage (TPV)
measurements. As exhibited in Fig. 5c and d, the TPC value of
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Fig. 4 The UPS spectra showing the Ecuofr and Egeqge Of (a), (b) the W/O film; (c) and (d) the Cs—I-modified film; (e) energy level diagram of device
components. (f) PL spectra and (g) time-resolved PL spectra for the samples of Quartz/pristine PVSK/Spiro-OMeTAD and Quartz/Cs—I-modified
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without and with Cs—I modification.

3.27 ps is reduced to 1.99 ps after Cs-1 modification. The lower
the photocurrent decays, the better the carrier extraction
obtained. The TPV tests show the longer photovoltage decay
(6.93 ps) than that without Cs-1 modification (5.99 ps), which
can be attributed to the lower defect density mentioned above.
To rule out other shunt channels for the shorter TPC after Cs-
I modification, the ideal factor (n) was derived under different
light intensities (I). The relationship between Vo and I can be
represented by the following eqn (1).*°

0 Voc nkKT

oinl)~ ¢ (1)

The value of n is generally between 1 (radiative recombina-
tion dominated) and 2 (non-radiative recombination domi-
nated). The smaller n indicates the smaller defect-assisted
non-radiative recombination.’® As shown in Fig. 5e, the
smaller n of 1.35 than that of the device without modification
(n = 1.79) confirms that the defect assisted non-radiative
recombination is reduced in the Cs-I-modified device.

Electrochemical impedance spectroscopy (EIS)*' is an
important characterization method to measure interfacial
charge transport and defect recombination. As shown in
Fig. 5f, the fitted parameters of the series impedance (Ry), the
charge transfer and transport resistance (R.), and the recombi-

5142 | /norg. Chem. Front., 2024, 1, 5137-5146

nation resistance (R.) are listed in Table S4. The Ry of the
Cs-I-modified device is slightly larger and is explained by the
formation of 8-CsPbl; on the perovskite, resulting in slightly
poor contact. The R is reduced from 587.6 to 524.3 Q after
Cs-I modification, which is mainly attributed to better quality
perovskite films and the better matching of energy levels.
Compared with devices without treatment, the larger R... of
Cs-I-modified devices indicates the reduction of defect states,
which is beneficial to reduce the non-radiative recombination
in the perovskite film.

The photoelectric performance of the devices with the per-
ovskite films modified by different concentrations of Cs-I solu-
tions are shown in Fig. S6a-d.f An obvious volcanic curve is
observed at a concentration of 0.15 mg mL™". The performance
decrease at a higher concentration of Cs-I solution can be
ascribed to the large amount of 8-CsPbl; to increase the Ry in
devices. As shown in Fig. 6a, the optimal Cs-I-modified device
shows a PCE of 21.21%, V¢ of 1.184 V, short-circuit current
density (Jsc) of 22.472 mA em~? and fill factor (FF) of 79.74%,
respectively, while the optimal PCE of the reference device is
19.62%. The Vo, Jsc and FF of the reference are 1.137 V,
22.049 mA cm > and 78.31%, respectively. The Vo increase of
the Cs-I-modified devices is mainly due to the better energy
level matching and the increase of the built-in potential. The
higher Jsc and FF are mainly attributed to the better quality of

This journal is © the Partner Organisations 2024
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Fig. 6

(a) Comparison of J-V curves of the champion devices and their (b) EQE and corresponding integrated J;,: curves. The stability comparison

of (c) Voc, (d) Jsc, (e) FF, and (f) PCE of unencapsulated devices kept in the dark under a humidity of 15-25% RH at room temperature.

perovskite and the better interface charge extraction of Spiro-
OMeTAD. The external quantum efficiency (EQE) measure-
ments shown in Fig. 6b confirm the /-V measurements,
showing the integrated currents of 21.96 and 22.33 mA cm >
for the reference and the modified device, respectively. Besides
the enhanced device performance, the reproducibility Cs-I-
modified devices have been improved dramatically, as shown
in Fig. S7.}

The forward scanning (FS) and reverse scanning (RS)
measurements shown in Fig. S8a and b7 give the hysteresis
index (HI) according to the following eqn (2).

HI = PCEgeverse — PCErorward
PCEgeverse

(2)

The photovoltaic parameters under the FS and RS scanning
directions are shown in Table S5.f The HI of Cs-I modified
and control devices are 0.01 and 0.017, respectively. The stabil-
ized power output of PSCs was measured at the maximum
power point (MPP) under bias voltages of 0.968 V for the two
devices under simulated AM 1.5G illumination of 100 mW
cm 2. As displayed in Fig. S8c and d,f both samples with and
without Cs-I modification show stable output.

Finally, the long-term stability measurements of the un-
encapsulated were carried out under the conditions of a rela-
tive humidity (RH) of 15-25% at room temperature. The initial
device performance was normalized to 20.36% of the Cs-I-
modified device and 19.00% of the control device, respectively.
As shown in Fig. 6¢-f, the Vo, Jsc, FF, and PCE for the control
PSCs decay faster than the Cs-I-modified devices in about

This journal is © the Partner Organisations 2024

1200 h. The PCE of the Cs-I-modified device can maintain
about 88.2% of the initial PCE within this duration. Further
thermal stability of the unencapsulated devices tested under
elevated temperature (65 °C) for 120 h (Fig. S9at) shows much
better thermal stability of the Cs-I modified device. In
addition, we have also explored the device stability under con-
tinuous illumination at ambient humidity (~20% RH). As
shown in Fig. S9b,} the device based on Cs-I Modification also
shows better photostability for 96 h continuous illumination.
This better stability of Cs-I-modified devices can mainly syner-
gistically be attributed to the reduction of PbI, on the perovs-
kite, passivation of device defects, a more stable and hydro-
phobic 5-CsPbl;, and better film quality of Spiro-OMeTAD by
preventing the iodide ions from crossing the interface.

3. Conclusions

In summary, we used a clever strategy of in situ transfer waste
PbI, into anion-barrier applying Cs-I precursor solution. First,
superfluous PbI, reacted with Cs-I precursor solution to form
8-CsPbl;, which is more hydrophobic and more stable, redu-
cing ion diffusion through the heterogeneous interface. The
8-CsPbl; on the surface of perovskite benefited the energy level
alignment between the perovskite and Spiro-OMeTAD and
then the hole extraction. In addition, the defect density of the
perovskite active layer was significantly reduced after the intro-
duction of 8-CsPbl;; the PCE of PSCs based on this anion-
barrier modification then increased from 19.62% to 21.21%.
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Finally, due to the inhibition of iodide diffusion by the formed
anion-barrier, the conductivity of Spiro-OMeTAD and even the
silver electrode was reserved. After monitoring for about
1200 h under dark conditions with 15%-25% RH, the PCE of
the optimized device can still maintain about 88.2% of its
initial device, showing excellent device stability. This work
demonstrates that the in situ synthesis of the anion barrier
layer is a multi-effect strategy for ion diffusion and contact
interface.
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