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A Rb,SO, additive is employed to passivate the Pb?* defects in a
perovskite film by forming PbSO, in situ, which can cover the
surface and grain boundaries of the perovskite to ensure that the
film is not decomposed by moisture. Finally, a device based on
the Rb,SO,4 modification achieved an enhanced power conversion
efficiency (22.25%) and long-term stability.

Organic-inorganic halide perovskite solar cells (PSCs) have
emerged as potential alternatives to silicon solar cells, and
their power conversion efficiency (PCE) has increased from
3.8% to 25.7%.'° However, poor long-term stability is still
the key factor hindering their commercialization. Therefore,
how to further improve device stability is an urgent topic of
investigation.

The quality of the perovskite film is one of the most
important factors influencing device PCE and stability.* Gen-
erally, defects are inevitably introduced in perovskite films due
to the rapid crystallization process.” These defects can act as an
invasion site for water/oxygen or shuttle path for undesirable
ion migration.® Meanwhile, these defects can act as recombina-
tion centres to increase the recombination probability of car-
riers. Therefore, improving the quality of the perovskite film by
passivating defects is an important step for improving device
performances.

Additive engineering is of interest because of its simple
preparation process and remarkable effect.” Additives are mainly
divided into organic small molecule additives and inorganic salt
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additives. Organic small molecule additives have been used to
passivate the defects in perovskite based on chemical interac-
tions. Lewis base additives can passivate the under-coordinated
Pb”>* defects,® and Lewis acid additives can passivate the halide
defects. Zwitterion additives can passivate the positive and
negative defects in perovskite films simultaneously.” Although
small molecule additives have shown initial success in perovskite
solar cells, some small molecule additives have a limited effect in
stability improvement of perovskite films and devices, because
the bonding strength between the small molecule and the
perovskite is generally too weak. In addition, organic small
molecule additives have poor thermal stability and are easy to
decompose. Therefore, researchers pay more attention to inor-
ganic additives. For example, Li used NaF to passivate both anion
and cation vacancy defects because F~ can interact with the
organic cation and Pb*" simultaneously.® Some researchers also
introduced RbI into perovskite precursor solutions and found
that Rb" can act as an A-site cation to improve the efficiency and
stability of the device by making the energy levels more closely
matched and passivating the defects.>'""> Unlike organic small
molecules, inorganic oxides or nitrides are often chosen to
passivate the structural defects and protect silicon from degrada-
tion in silicon-based solar cells, because they are compact and
chemically stable. This provides the inspiration for the defect
passivation of perovskite solar cells.

Considering that the perovskite film may contain under-
coordinated Pb** defects, SO,>~ was introduced to passivate the
uncoordinated Pb>" defects. The interaction between SO,*~ and
Pb*>* can retard the nucleation rate of the perovskite, which is
favorable to increasing the grain size and reducing pinholes. In
order to reduce the interference by the impurity cation, Rb* was
chosen as the corresponding cation due to its positive influence
on device performances. Therefore, the inorganic rubidium
sulphate (Rb,SO,) additive is added to the perovskite precursor
solution to form PbSO, in situ, which can cover the surface and
grain boundaries of the perovskite and passivate the Pb defects
in the perovskite film. In addition, Rb* in Rb,SO, can passivate
the iodine defects. Due to the defect passivation role of the
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Fig. 1 (a) FTIR spectra of the perovskite film; XPS spectra of (b) Pb 4f for
control and target perovskite films; (c) S 2p for Rb,SO4 and the target
perovskite film; (d) TEM image of the perovskite film with Rb,SO,4 additive.

Rb,SO, additive, the PCE of devices increased from 20.62% to
22.25%, and photocurrent hysteresis was inhibited signifi-
cantly. This is mainly attributed to the improvement of the
quality of the perovskite film and reduction of nonradiative
recombination. In addition, the efficiency of the unencapsu-
lated control device degraded to 70% of the initial efficiency
after aging in air conditions with 15-20% relative humidity for
500 h, while the efficiency of the target device with the Rb,SO,
additive only degraded to 82% of the initial efficiency.

As shown in Fig. S1 (ESIt), a RDg 02(FA¢.05CS0.05)0.98
Pb(Ip.07Br0.01Clo.02)s perovskite film modified with different
concentrations of Rb,SO, additive was coated on SnO, films.
Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed to evaluate potential chemical relationships between
the perovskite and Rb,SO,. As shown in Fig. 1a, some new
peaks are clearly observed in the target films. The peak located
around 665 cm™ ' is the symmetric and asymmetric bending
(0s-0(SO4)) of the S-O bond. Another peak situated near
980 cm ' is the symmetric stretching vibration (vs_o(SO,)) of
the $-O bond,” which supports that SO,>~ is present in the
target perovskite films. Fig. S2 (ESIf) shows the full XPS
spectrum of the target film. As shown in Fig. 1b, after introdu-
cing Rb,SO,, the binding energy of the Pb 4f,,, (138.72 eV) and
Pb 4f;,, (143.59 eV) states in the control perovskite films moved
to 137.81 €V and 142.67 eV," respectively. Meanwhile, com-
pared with Rb,SO,, the binding energy of S 2p in the target
perovskite films reduced from 168.70 eV to 162.80 eV (Fig. 1c).*?
The I 3d peaks shifted toward lower binding energy by 0.20 eV,
mainly because the Rb" can passivate the iodine defects (Fig.
S3, ESIf)." These results indicate that there is a strong
chemical interaction between Rb,SO, and the perovskite. The
results of high-resolution transmission electron microscopy
(HRTEM) in Fig. 1d indicated that the perovskite is surrounded
by substances with good crystallinity. According to PDF #89-
3750, the lattice spacing of 0.37 nm corresponds to the (111)
crystal plane of PbSO,4"® which illustrates that the Rb,SO,
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additive can react with Pb** to form a thin continuous PbSO,
layer on the surface of the perovskite, which is conducive to
passivating the uncoordinated Pb>" defects. And the TEM of the
precursor solution in Fig. S4 (ESIT) indicates that PbSO, has
formed in the precursor solution, which has also been verified
by previous work.”

As shown in Fig. S5 and S6 (ESIT) and Fig. 2a and b, the grain
size in the perovskite film increases from 1.39 pm to 1.58 um
and the number of pinholes decreases obviously with increas-
ing the Rb,SO, concentration from 0.00 to 0.20 mg mL ™. And
the target film with 0.20 mg mL ™" Rb,SO, exhibited a decrease
in roughness from 38.2 nm to 30.5 nm. The improved film
quality is mainly due to the uncoordinated Pb>* defects being
passivated by SO,>~ and the iodine defects being passivated by
Rb' in Rb,SO,. In addition, the in situ reaction between SO,>~
and Pb*" is favorable to retarding the nucleation rate of the
perovskite, leading to the increased grain size and reduced
pinhole number.> However, when the concentration increased
to 0.30 mg mL ™, the grain size decreased, causing an increase
in grain boundary defects.

Fig. 2c and d show the cross-sectional view SEM images of
perovskite films with and without Rb,SO, modification. The
thickness of the perovskite film increased from 501 nm to
525 nm after Rb,SO, modification. In Fig. S7 (ESIt), the light
absorption intensity of the target perovskite films at 510-
660 nm was stronger than that of the control perovskite film,
which was mainly due to the improved film morphology. The
XRD patterns of perovskite films in Fig. S8 (ESIT) indicate that
the Rb,SO, will not influence the composition of the
perovskite.

We further quantified the defect density of perovskite films
by the space charge limited current (SCLC) technique. Fig. S9a
and b (ESIt) show the dark I-V curves of the control and target
devices (ITO/Perovskite without or with Rb,SO,4/Au). The defect
density of perovskite films can be calculated according to
eqn (1):

2¢ee0 VTFL
= O

where ¢, is the vacuum dielectric constant, ¢ is the dielectric
constant of the perovskite, Vrg, is the limit voltage of trap
filling, e is the basic charge, and L is the thickness of the
perovskite film. Vig, decreased from 0.92 V for the control
perovskite film to 0.63 V for the target perovskite film.
A lower defect density was obtained for the optimized device

Fig. 2 Top-view and cross-sectional SEM images of the (a) control and
(b) target perovskite films deposited on SnO,.
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Fig. 3 (a) PL and (b) TRPL of the perovskite films deposited on glass.
(c) Voc dependence on light intensity, and (d) energy level diagram.

(4.95 x 10" em™?) compared with the control perovskite film
(7.96 x 10" ecm™>).

According to the steady-state photoluminescence (PL) spec-
tra shown in Fig. 3a and Fig. S10 (ESIt), compared with the
control perovskite films, the target film with 0.20 mg mL "
RDb,SO, modification shows higher PL intensity and a slight
shift from 795.10 nm to 794.45 nm, which indicates the
reduced non-radiative recombination caused by Rb,SO,.
However, when the concentration of Rb,SO, increased to
0.30 mg mL ", the peak intensity decreased relatively.

Fig. 3b shows the time-resolved photoluminescence (TRPL)
spectra; the average carrier lifetime (t..) can be calculated
according to eqn (2) and (3)*

I(t) = I + Ay exp(—t/t1) + Ay exp(—t/1,) (2)
At + Ayt

Tave = A1t + Aty 3)
Ayt + Arto

The decay lifetime is divided into two parts, namely a fast (t4)
process and a slow (t,) process. Table S1 (ESIT) shows that the
Tave Of the target perovskite film (127.51 ns) was longer than
that of the control perovskite film (75.40 ns). The enhanced PL
intensity and the extended average lifetime indicate the
decreased non-radiative recombination.> In Fig. S11 (ESIT),
the dependence curve of Jsc on light intensity follows the equa-
tion: Js¢ oc I% The a of the target device is closer to 1 than that of
the control device. In Fig. 3¢, Voc and light intensity follow (4):*

I’lkB T (Jsc)
Voc = In{ = 4
oc =" (" @)

where 7 is the ideality factor that can be obtained from the slope,
kg is the Boltzmann constant, T is the temperature, and q is the
elemental charge. n = 1 indicates a trap-free condition. It is found
that n decreases from 1.57 for the control device to 1.26 for the
target device, which means that the non-radiative recombination
of the film is inhibited. According to the results of the Tauc plot
and ultraviolet photoelectron spectroscopy in Fig. S12 and S13
(ESIt) and Table S2 (ESIt), the Valence Band Maximum (VBM) of
the control and target perovskites was —5.42 eV and —5.30 eV,
respectively. The shift of the valence band makes the energy level
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of the perovskite absorption layer match that of the hole transport
layer more closely (Fig. 3d), which is beneficial to extracting holes
and reducing carrier recombination.> Moreover, the matched
energy level explains the significant enhancement of Vq after
Rb,SO, additive modification.">'> The Mott-Schottky curves of
the control and target are shown in Fig. S14 (ESIt); the built-in
potentials (V4,;) of the control device and target device are 0.82 V
and

0.87 V, respectively. The increased V4, is beneficial to the separa-
tion of photogenerated charge and inhibits carrier
recombination.” Electrochemical impedance spectroscopy (EIS)
was measured to further explore the carrier recombination as
shown in Fig. S15 (ESIt). A lower charge transfer resistance (R.)
indicates a higher charge transfer capability.'® At the same time,
the recombination resistance (R..) increased, which indicates
that the Rb,SO, additive can reduce the possibility of carrier
recombination. Fig. S16 (ESIT) shows J-V curves of devices under
dark conditions. After adding Rb,SO, into the perovskite, the
decreased saturation current density value means that the higher
coverage of the perovskite.

The influences of Rb,SO, content on device performances
were investigated as shown in Fig. S17 and S18 (ESIt) and Table
S3 (ESIf). All photovoltaic parameters increased with the
increase in Rb,SO, concentration and reached the maximum
value at 0.20 mg mL™'. However, when the concentration
increases to 0.30 mg L', the device performance decreases.
This is mainly because the decreased grain size can lead to an
increase in the number of grain boundaries, resulting in
increased recombination possibility. As shown in Fig. 4a
and Table S4 (ESIT), the control device produced a PCE of
20.62% in the forward scan (FS) with a V¢ of 1.08 V, a Jg¢ of
25.06 mA cm 2, and a FF of 76.17%, and a PCE of 20.15% in the
reverse scan (RS) with a V¢ of 1.07 V, a Jgc of 25.27 mA cm ™2,
and a FF of 74.52%. By contrast, the target device of the
perovskite with Rb,SO, modification delivered the highest
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Fig. 4 (a) Reverse and forward scanned J-V curves of devices. (b) IPCE
and integrated Jsc of devices. (c) The PCE at the maximum power point for
the devices. (d) PCE versus time for the unencapsulated devices aged in
the air with relative humidity of 15-20% RH in the dark at room
temperature.
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PCE of 22.25% in the forward scan (FS) with a Voc of 1.11 V, a
Jsc of 25.39 mA cm ™2, and a FF of 78.95%, and a PCE of
22.10% in the reverse scan (RS) with a V¢ of 1.12 V, a Js¢ of
25.43 mA cm ™2, and a FF of 77.59%. The increased Jsc can be
attributed to the improved light-harvesting. As Fig. S19 (ESIt)
shows, the main reasons for the higher FF than the control
device is reduced non-radiative recombination, rather than
charge transfer loss."”'® The Vo is influenced not only by
defect-related non-radiative recombination, but also by the
energy band mismatch caused by Rb,SO,4.'®"® The performance
statistics results of 20 devices shown in Fig. S20 (ESI{) and
Table S5 (ESIt) indicate that the control devices and the target
devices both show good reproducibility and the average PCE of
the target device (21.52%) is better than that of the control
device (19.90%). For the control and target devices, the inte-
grated Jsc of the external quantum efficiency (EQE) were 23.41
and 23.74 mA cm >, respectively (Fig. 4b).

In addition, we tested the steady-state current density and
PCE at the maximum power point as shown in Fig. 4c and
Fig. S21 (ESIt). The control device delivered a stable PCE of
19.02% with a stable output current density of 21.37 mA cm >
at 0.89 V, whereas the target device delivered a stable PCE of
20.61% with a stable output current density of 22.90 mA cm™>
biased at 0.9 V after the same time. Finally, we performed long-
term stability tests for unencapsulated devices under ambient
conditions at a relative humidity of 15-20% and a temperature
of 20 °C, as shown in Fig. 4d and Fig. S22 (ESIT). After 500 h of
exposure to the air, the target device and control device
retained 82% and 70% of their initial PCE, respectively. The
PCE attenuation is mainly caused by the decreased Vo and FF.
These results benefit from moderate amounts of the Rb,SO,
additive prolonging the carrier lifetime, inhibiting the nonra-
diative recombination of carriers, and improving the quality of
the perovskite film. The quality of the perovskite film is the key
factor affecting the device stability. Therefore, we evaluated the
long-term stability of the perovskite film in Fig. S23 (ESIt). The
perovskite films were placed in an environment of 50-60%
relative humidity to observe the decomposition of the perovs-
kite. The results showed that after 5 days of aging, the unmo-
dified perovskite film decomposed quickly, while the Rb,SO,
modified perovskite film remained black. The formation of an
in situ passivation layer is the main reason for the improvement
of humidity stability. The results in Fig. S24 and S25 (ESIt) also
verified that the improved stability of the perovskite film is
partly due to using the chlorobenzene anti-solvent.>

In summary, we systematically investigated the passivation
effect of Rb,SO, on the uncoordinated Pb defects of perovskite
films by adding Rb,SO, to a perovskite precursor solution. We
found that SO,>~ in Rb,SO, reacted with uncoordinated Pb** to
form a PbSO, passivation layer and Rb" in Rb,SO, can passivate
iodine defects, which can improve the quality of the perovskite
films, prolong carrier lifetime and decrease defect density.
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The PSCs with the Rb,SO, additive achieved a PCE of 22.25%
without obvious photocurrent hysteresis. The unencapsulated
device with the Rb,SO, additive showed remarkably enhanced
long-term stability, retaining 82% of its original PCE after aging
for 500 h. Therefore, Rb,SO, is an effective additive to improve
the photovoltaic performance and long-term stability of
devices.
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