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Improved Crystallization of Lead Halide Perovskite in
Two-Step Growth Method by Polymer-Assisted
“Slow-Release Effect”

Siyuan Lin, Shuyue Wu, De’en Guo, Han Huang, Xuefan Zhou, Dou Zhang,
Kechao Zhou, Wenhao Zhang, Yue Hu, Yongli Gao, and Conghua Zhou*

Fast reaction between organic salt and lead iodide always leads to small
perovskite crystallites and concentrated defects. Here, polyacrylic acid is
blended with organic salt, so as to regulate the crystallization in a two-step
growth method. It is observed that addition of polyacrylic acid retards
aggregation and crystallization behavior of the organic salt, and slows down
the reaction rate between organic salt and PbI2, by which “slow-release effect”
is defined. Such effect improves crystallization of perovskite. X-ray diffraction
study shows that, after addition of 2 mm polyacrylic acid, average crystallite
size of perovskite increases from ≈40 to ≈90 nm, meanwhile, grain size
increases. Thermal admittance spectroscopy study shows that trap density is
reduced by nearly one order (especially for deep energy levels). Due to the
improved crystallization and reduced trap density, charge recombination is
obviously reduced, while lifetime of charge carriers in perovskite film and
devices are prolonged, according to time-resolved photoluminescence and
transient photo-voltage decay curve tests, respectively. Accordingly, power
conversion efficiency of the device is promoted from 19.96 (±0.41)% to 21.84
(±0.25)% (with a champion efficiency of 22.31%), and further elevated to
24.19% after surface modification by octylammonium iodide.

1. Introduction

Organic–inorganic hybrid perovskite (PVSK) has become an im-
portant material in the application of photovoltaic technique
owning to its high extinction coefficient,[1] low binding energy
of exciton,[2] as well as suitable optical band gap,[3] and thus
prompt the fast development of perovskite solar cells (PSCs).
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Photo-to-electric power conversion effi-
ciency (PCE) of the PSCs has increased
from 3.81% in 2009 to the recently
recorded 25.7%,[4–7] though still below
the theoretical limit of 33%.[8] As such,
much works are needed. It is well known
that, high quality PVSK film is of critical
essence for realizing high-performance
PSCs.[9–11] “High-quality” means pin-
hole free and less defective. Right now,
PVSK films are mainly prepared by so-
lution basing methods, like one-step,[12]

or two-step solution[13] process, blade
coating,[14] slot die,[15] and so on. Be-
sides, thermal evaporation has also been
applied.[16] Due to the fast volatilization
of solvent and also the relative low nu-
cleation/crystallization barrier,[17] PVSK
growth by solution methods is usually
finished within a relative short period, for
example, few to tens of minutes. Such
process quickly leads to the risk of obtain-
ing low quality films, for example, pin-
holes,[18] small crystallites/grains,[19] or

poly boundaries,[13,20] which brings risk of short-circuiting, con-
centrated defects, and thus deteriorates device efficiency and
stability.[21]

In order to improve the crystallization, many efforts have
been proposed. In 2014, Huang et al. treated the PVSK film
by “solvent annealing” technique, and obtained pin-hole free,
well-crystallized film with grain size up to 1 μm, which helped
to achieve PCE of 15.6% in methylammonium (MA) basing
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PSCs.[22] Han et al. observed that the interaction between DMSO
and PbI2 could benefit the crystallization of PVSK.[23] In 2019,
Kim et al. observed that methylammonium chloride (MACl)
could regulate the formation dynamics of formamidinium-based
perovskite (FAPbI3), and obtained PCE of 24.02%.[24] More im-
pressively, to slow down the crystallization processes of PVSK in
the so-called triple mesoscopic skeleton, Han et al. introducedN-
methylformamide (NMF) into the PVSK precursor, which con-
trolled the crystallizing process in a closed chamber, and helped
to obtain PCE of 18.82% in the carbon-electrode based, hole-
conductor-free mesoscopic PSCs.[25] Similar work was done by
You et al. in the crystallization of CsPbI3.

[26] In 2021, Ding et al.
applied a cooling stage to slowing down the appearing velocity of
FAPbI3 nucleation, and also upgraded PVSK crystallization and
device efficiency.[27] As such, controlling the crystallization pro-
cess is efficient in high-efficiency device fabrication.
In addition, to reduce the defects in PVSK, polymer molecules

have also been imported. For example, in 2017, Yang et al.
blended poly (4-vinylpyridine) (PVP) in PbI2 precursor solu-
tion so as to passivate uncoordinated Pb2+, by which both effi-
ciency and stability were improved.[28] In 2019, Liao et al. intro-
duced polyinylidene fluoride-trifluoroethylene polymer (PVDF-
TrFE) into PVSK, which enhanced the build-in field and up-
graded PCE.[19] Besides, polyacrylonitrile (PAN),[29] polyethylene
glycol(PEG),[30] polymerized methyl methacrylate (PMMA) have
also been applied.[31] These polymers not only regulated the crys-
tallization process, but also passivate the defects.
It is noticed that, during the two-step growth method, most of

the strategies are focused on the PbI2 side, while less has been
done to the organic salt. Honestly, organic salt is quite easy to ag-
gregate and crystallize, which could affect PVSK growth. To ma-
nipulate the crystallization process, attention should also be paid
to the organic salt side. As a result, here in this article, a kind
of long chain polymer or polyacrylic acid (PAA) is used to mix
with organic salt. As will be shown later, PAA could strongly in-
teract with the organic cations, and slow down the reaction rate
between organic salt and PbI2, by which a kind of “slow-release
effect” is observed. In fact, such effect is widely used in medicine
science. It means that the “functional factors” could be released
slowly, which helps to reach more effective functionality. As will
be shown later, such effect could obviously improve the crystal-
lization quality, cut down defects, and hence reduce recombina-
tion risk, and upgrade device efficiency and stability.

2. Results and Discussion

2.1. “Slow-Release Effect” Brought by PAA and the Effect on the
Crystallization of PVSK in Two-Step Growth Method

It is observed that, adding PAA could slow down the reaction
between PbI2 and organic cations. The effect is clearly depicted
in Figure 1a and Video S1, Supporting Information. After ad-
dition of PAA, color of PVSK films changes more slowly. For
example, after being kept for 960 s (16 min), the pristine film
turns dark red, while it remains red for that blended with PAA.
As such, PAA has slowed down the reaction between organic
salt and PbI2. Such phenomenon is ascribed to the “slow-release
effect.” To verify such effect, interaction between organic salt
and PAA molecules are examined through Fourier transform in-

frared (FTIR) study. As is shown in Figure 1b, after PAA blend-
ing, the stretch mode of –N-H group (from FA+ cation FAI)
shifts from 3356.96 to 3362.55 cm−1, indicating that chemical
interaction might happen with –N-H group. To clarify the inter-
action, PAA is also monitored by FTIR before and after mixing
with FAI. As is shown in Figure 1b, vibration of “–C=O” group
shifts from 1712.59 to 1716.65 cm−1 after FAI mixing, showing
that the chemical interaction appears for –C=O. Considering the
molecule structure of FAI and PAA, the interaction should be
existing between groups of “–C=O” and “FA+,” in addition, “hy-
drogen bond” might appear due to the static electrical force.[32–34]

Such interaction could hinder the diffusion of organic cations
into the PbI2 matrix, and lower down the reaction between them.
As a result, it is more difficult for the coated film to turn black.
Moreover, XRD study shows that the crystallization of FAI film
could be obviously inhibited by PAA (Figure 1c,d). For example,
there is a strong diffraction peak at around 25.8° in pristine FAI
film, with intensity of 18 003; after PAA blending, the intensity
of the peak drops down to 1839, being reduced by almost ten
times, indicating that PAA has inhibited the crystallization be-
havior of the organic salt. Again, the retarded crystallization of
FAI is due to the interaction between PAA and organic cations.
To show clearly about the functionality of “slow-release effect,”
schematic diagrams are shown in Figure 1e,f.
The interaction could further be reflected from the morphol-

ogy observations. As shown in Figure 1c,d, without PAA blend-
ing, inhomogeneous film is obtained, with aggregates and pin-
holes. After PAA blending, the film becomes more uniform
and compact. The improved film quality could also be reflected
from the optical photograph (Figure S1, Supporting Informa-
tion). On the other hand, the improved film continuity could be
contributed by the long chain feature of PAA. Accordingly, we can
see that, PAA has brought a kind of “slow-release effect” to the or-
ganic salt, and two merits could be quickly obtained: i) PAA can
slow down the diffusion rate of FAI in to PbI2 matrix, which cuts
down the crystallization rate of PVSK. ii) It increases the cover-
age of FAI on PbI2, which makes it easier to grow uniform PVSK
film. These merits help to regulate the crystallization process of
PVSK.
To show the role of “slow-release effect” in the coarsening dy-

namics of the PVSK films, and hence the power conversion prop-
erties of the devices, the concentration of PAA is adjusted in or-
ganic salt matrix. Figure 2a–d shows the top-view scanning elec-
tron microscope (SEM) images of PVSK films. Without PAA, in-
homogeneous and porous surface of pristine PVSK films is ob-
served; after incorporation of PAA, uniform and compact film
is seen, along with larger gains. Cross-section SEM images (the
insets) show similar result. Uniform and compact PVSK grains
could be seen after PAA blending. However, after the doping
concentration increases up to 4 mm, there exists a number of
small particles on the surface (red circle in Figure 2d), show-
ing that too concentrated doping would deteriorate crystallization
due to the steric effect of polymer molecules. Statistics are per-
formed on grain size according to the SEM images. As is shown
in Figure 2e–h, the average grain size is 868.3, 903.2, 984.9, and
1006.4 nm, corresponding to the concentration of PAA with 0, 1,
2, and 4 mm, respectively. The increased grain size results from
the favored crystallization process by slow-release effect. Larger
grains are helpful in reducing grain boundaries, as such, less
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Figure 1. a) Color evolution of the PVSK films recorded after coating of organic salt solution on PbI2. b) Fourier transform infrared (FTIR) spectra of –N-H
group in FAI and –C=O group in PAA. X-ray diffraction (XRD) spectra of FAI films: c) before and d) after PAA blending (inset shows the metallographic
photos of FAI films prepared by spin-coating under room temperature, no thermal annealing is used; the scale bar is 100 μm). Schematic diagram of
“slow-release effect”: e) without PAA and f) with PAA.

defects are anticipated, as will be shown later. Atomic force mi-
croscope (AFM) study shows that PAA blending could flatten the
surface. As is shown in Figure 2i–l, the root mean square rough-
ness (RMS) decreases from 27.9 to 21 nm as the concentration
rises from 0 to 4 mm. The increased grain size shows improve-
ment on the crystallization, which will be reflected from the XRD
study. Then the reduced RMS is due to upgraded continuity of
FAI. Both of them are brought by the “slow-release effect.”
Crystallization quality is studied by XRD; the results are

shown in Figure 3a. Meanwhile, the full width at half magnitude
(FWHM) of the peak (110) is collected, which is shown in Fig-
ure 3b. It is 0.19° for the pristine PVSK film, while decreasing
to 0.08° after moderate concentration blending (2 mm case). The
average crystallite size is estimated according to the Sherrer’s for-
mula:

D = k𝜆
𝛽 cos 𝜃

(1)

where k is the Scherrer constant and equaling to 0.89, 𝜆 is
0.154 nm, 𝛽 is the FWHM, 𝜃 is the diffraction angle, D is the
average crystallite size (nm). Also shown in Figure 3b, the av-
erage crystallite size increases from 42.34 nm (pristine film) to
95.40 nm (2 mm case), clearly showing that the crystallization

has been upgraded. As such, the polymer assisted “slow-release
effect” is beneficial for PVSK crystallization in the two-step grow-
ing method. Again, slowing down the coarsening rate could
promote the growth of PVSK crystals. In fact, similar behavior
could be seen single-crystalline silicon, or single PVSK crystalline
growth.[35,36] The improved crystallization helps to upgrade the
extinction behavior of PVSK. As is shown in Figure 3c, after
PAA blending, higher absorbance is seen at long wavelength re-
gion (550–750 nm). Steady photoluminescence (PL) test observes
that, after PAA blending, PL peak shifts from 810 to 805 nm.
As is shown in Figure S2, Supporting Information, when inci-
dent laser is guided from the substrate side, blue shift is also ob-
served in 4 mm case. Time-resolved photoluminescence (TRPL)
is tested; the results are shown in Figure 3d. Life time of charge
carriers in PVSK film (𝜏film) is calculated according the proce-
dure described in Supporting Information (along with Table S1,
Supporting Information).[37] It is 2.10, 2.29, 3.17, and 2.03 μs for
blending concentration of 0, 1, 2, and 4mm, respectively, which is
also shown in inset of Figure 3d. Noting that, the prolonged life-
time is close to that observed in literatures.[5,38] The blue shift (in
steady PL test) and the prolonged lifetime (in TRPL test) are as-
cribed to the reduced defects. To verify this assumption, thermal
admittance spectroscopy (TAS) is adopted. Angular frequency de-
pendent capacitance is measured under dark condition, and then
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Figure 2. Top view scanning electron microscope (SEM) images of PVSK films grown with PAA blending (mm): a) 0, b) 1, c) 2, and d) 4. The red circle
is defined as the small particles. The insets show relating cross-sectional SEM images. All scale bars are 500 nm. Statistics are performed on grain size
for the PVSK films with organic salt blended by PAA (mm): e) 0, f) 1, g) 2, and h) 4. Atomic force microscope (AFM) images of PVSK films with PAA
blending (mm): i) 0, j) 1, k) 2, and l) 4.

Figure 3. a) XRD pattern of PVSK films. b) Full width at half magnitude (FWHM) and average crystallite size. c) Absorption spectra of PVSK films (inset
shows steady photoluminance spectra). d) Time-resolved photoluminance (TRPL) spectra of PVSK films deposited on glass slides. Inset shows related
lifetime of PVSK film. e) Trap density of states (t-DOS) of PVSK. f) FTIR spectra of DMF, and PbI2·DMF powder before and after PAA blending.
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Figure 4. X-ray photoelectron spectrum (XPS) of: a) Full spectrum, b) O 1s, c) Pb 4f, d) I 3d, and e) N 1s. f) Secondary electron cutoff of UV photoelectron
spectrum (UPS) (He I, h𝜈 = 21.22 eV) of PVSK films.

the density of state for traps (t-DOS) is derived using following
formula:[39,40]

NT(E𝜔) = −
Vbi

eW
𝜔

KBT
dC
d𝜔

(2)

E𝜔 = KBT ln
(𝜔0

𝜔

)
(3)

where C is the capacitance, 𝜔 the angular frequency, 𝜔0 the
attempt-to-escape frequency, e the elementary charge, KB the
Boltzmann’s constant, and T the absolute temperature, Vbi the
built-in potential extracted from the Mott–Schottky analysis, W
the thickness of the active layer. As is shown in Figure 3e, for
pristine PVSK film, t-DOS is among 1 × 1016 to 1 × 1017 cm−3

eV−1. After PAA blending, it is reduced. Especially for the case
of 2 mm case, about one order reduction is harvested in the deep
level region (or bond II according to literature).[41] The reduced
t-DOS is ascribed to two aspects: one is the upgraded crystalliza-
tion which reduces grain boundaries and surface areas and then
the defects density. The other is the passivation brought by PAA
molecule to the un-coordinated Pb (II). Figure 3f shows FTIR
spectra for DMF, PbI2·DMFpowders before and after PAA blend-
ing. It is seen that, after PbI2 addition, –C=O group in DMF
shifts from 1664.04 to 1627.35 cm−1, which is due the interac-
tion between PbI2 and DMF.[42,43] However, after PAA blending,
the peak moves back to 1629.51 cm−1, this peak shift is ascribed
to the formation of a coordinate bond between “–C=O” group
(from PAA) and un-coordinated Pb (II).[28,44,45] Previous studies
showed that, the un-coordinated Pb (II) caused traps in deep en-

ergy levels.[46,47] As such, the interaction is helpful to reduce deep
level traps.
X-ray/UV photoelectron spectrum (XPS/UPS) studies are

used to examine the effect of PAA on electronic structure of
PVSK. The full spectrum of XPS is shown in Figure 4a and peak
of O 1s is presented in Figure 4b. There are two O 1s peaks for
PVSK doped with PAA, a lower one at 531.19 eV, and a higher
one at 532.40 eV. However, only one O 1s peak is seen for pris-
tine PVSK (lying at 532.75 eV). Generally, the lower one is corre-
sponding to the absorbed O2 from air, and the higher one come
from the –C=O of PAA,[48] indicating that PAA molecules are
left in PVSK films. As is shown in Figure 4c, after PAA blending,
binding energy of Pb 4f5/2 shifts from 143.16 to 142.87 eV, while
that of Pb 4f7/2 shifts from 138.30 to 138.03 eV. Negative shift
of 0.29 eV (Pb 4f5/2) and 0.27 eV (Pb 4f7/2) is obtained. Simi-
lar phenomenon is observed for I 3d and N 1s. Negative shift of
0.30 eV and 0.27 eV is observed, as shows in Figure 4d,e, respec-
tively. Again, O 1s from absorbed oxygen (Figure 4b) also shows
negative shift of 0.35 eV. These shifts are possibly due to the low-
ering down of Fermi-level as will be discussed later.
UPS measurement shows that the work function (WF)

changes after PAA blending. From the secondary electron cutoff
shown in Figure 4f, one can see that, WF changes from 4.71 to
4.83 eV according to of the formula of WF= 21.22 eV− Ecutoff. As
such, the Fermi level (Ef) also lowers down after PAA blending,
which means that electrons at core level becomes easier to be ex-
cited by incident photons, which possibly cause negative shift for
these four kinds of elements (O, Pb, I, N) from PVSKmatrix. The
rising work function might relate to two factors. One is the band
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Figure 5. Schematic diagram to show the “slow-release effect” brought by
PAA molecules and the role in upgrading PVSK crystallization.

bending behavior, which is brought by the surface dipoles.[49]

Due to PAA blending in the organic salt, PAAmolecules are easy
to be left on surface, thus forming dipoles. The other possible fac-
tor is the “self-doping behavior.” For example, Huang et al. pre-
viously observed that, residential I− could make the PVSK film
p-type, which could also lower down the Fermi level.[50] However,
more studies are needed to clarify such feature.
To better understand the “slow-release effect,” a schematic is

shown in Figure 5. Due to the chemical interaction between PAA
molecule and organic ions, a homogeneous and continuous or-
ganic salt layer can be formed. Due to the “slow-release effect” dif-
fusion rate of organic ion is slowed down, which also reduces the
reaction rate between organic ions and PbI2. Due to the slowed
reaction rate, PVSK nuclei could grow more slowly, which helps
to achieve higher crystallization quality.

2.2. Power Conversion Properties of Perovskite Solar Cells with
Respect to “Slow-Release Effect”

Charge transfer and recombination kinetics is studied with com-
bination of transient photovoltage/photocurrent (TPC/TPV) and
impedance spectra (IS). Typical TPC/TPV and Nyquist plots are
shown in Figure 6a–c. Charge extraction time (td) is collected
from the TPC curves, and the results are shown in inset of Fig-
ure 6a. It starts from 3.88 (±0.22) μs for pristine devices, then de-
creases to 3.68 (±0.33), 2.77 (±0.44) μs and rises to 4.69 (±0.25)
μs after PAA blending at 1, 2, and 4 mm, respectively. Lifetime of
charge carriers in devices (𝜏cell) is fitted from the TPV curves, and
the results are picked in Figure 6b. It is 14.01 (±1.29) μs for pris-
tine case, then increases to 18.50 (±1.12), 22.84 (±2.80), and 34.29
(±6.82) μs after PAA blending of 1, 2, and 4 mm, respectively. As
has been observed before, similar trend is observed between Voc
and 𝜏cell, showing prolonged lifetime of photo-generated charge
carriers in device could make elevated Voc.

[51–54] Consequently,
the charge transition process is accelerated and the lifetime of
photo-generated charge carriers is extended. Typical IS curves are
shown in Figure 6c, charge transfer/recombination resistance
(Rct/Rre) is fitted. The results are shown in Figure 6d. For Rct,
it is 7.05 (±2.07) × 104 ohm for pristine case, then decreases to
5.12 (±0.78), 3.07 (±0.92) × 104 ohm and rises to 5.77 (±0.67) ×
104 ohm, after PAA blending of 1, 2, and 4 mm; As for Rre, it is
0.64 (±0.17) × 107 ohm for pristine case, then increases to 1.44
(±0.63), 3.69 (±1.73) × 107 ohm and decreases to 0.93 (±0.14) ×
107 ohm for blending concentration of 1, 2, and 4 mm, respec-
tively. Therefore, PAA blending improves charge extraction and

reduces charge recombination. Again, above observation is due
to two aspects: i) The improved crystallization that driven by
the PAA assisted “slow-release effect,” ii) passivation behavior of
PAA molecule on Pb (II).
Dependence of open circuit voltage (Voc) on light intensity (Ip),

orVoc–Ip curves are recorded, and the ideal factor (n) is calculated
according to the following formula:[55]

Voc ∝
nKBT
e

ln IP (4)

where n, KB, T, and Ip are ideal factor, Boltzmann’s constant, ab-
solute temperature, and light intensity, respectively. As is seen in
Figure 6e, n is 1.70 for the pristine device, while decrease to 1.33
for PAA blending, indicating reduction in defects in the device.
Moreover, Mott–Schottky study is performed, and capacitance–
voltage (C−2–V) curves are obtained, by which the built-in poten-
tial (Vbi) is fitted:

C−2 =
2(Vbi − V)
A2Nq𝜀𝜀0

(5)

where c, V, A, N, q, 𝜖, and 𝜖0 are capacitance, bias, active area,
concentration of donor-dopant, elementary charge, relative per-
mittivity, and permittivity of free space, respectively. As show in
Figure 6f, Vbi increases gradually from 0.78 to 1.03 V, which is
consistent with that of Voc. Such phenomenon is due to the pas-
sivation on defect.
PSCs with planar structure of “FTO/SnO2/PVSK/Spiro-

OMeTAD/Ag” are fabricated. As is shown in Figure S3, Support-
ing Information, thickness of the PVSK layer is about 600 nm.
Photo-to-electric power conversion properties are examined with
respect to PAA blending. Typical current density–voltage (J–V)
curves are depicted in Figure 7a. Corresponding performance
parameters are collected in Table S2, Supporting Information.
As for pristine case, Voc of 1.08 V, short-circuit current density
(Jsc) of 24.84 mA cm−2, fill factor (FF) of 76.14%, as well as PCE
of 20.52% are obtained. Then for moderate PAA blending case
(2 mm), Voc of 1.11 V, Jsc of 25.37 mA cm−2, FF of 79.04%, and
PCE of 22.31% are harvested. External quantum efficiency (EQE)
is tested, the results are shown in Figure 7b, the integrated Jsc is
24.61 and 23.67 mA cm−2 for PAA blending (2 mm), and pris-
tine case, respectively, which matches 97% and 95% to the JV-
recorded current densities for each.
For detailed comparison, effects of PAA concentration on

the four performance parameters are depicted in Figure 7c–f.
With concentration increasing, Voc gradually increases from 1.08
(±0.01) to 1.11 (±0.01) V, Jsc raises from 24.61 (±0.51) to 25.16
(±0.21) mA cm−2, FF increases from 75.22 (±1.46)% to 78.29
(±1.37)%. Accordingly, PCE upgrades from 19.96 (±0.41)% to
21.84 (±0.25)% (22.31% for the optimized). Careful examination
shows that, Jsc moves in a contrast direction to td, showing that
accelerated charge extraction is beneficial to the output of Jsc.
The improved Jsc is partially due to enhanced absorption of light
owing to increased crystallinity, the improved FF is due to the
retarded charge recombination, and also the accelerated charge
transfer. Hysteresis index (HI) of devices is calculated, and statis-
tics are performed. As is shown in Figure S4, Supporting Infor-
mation, PAA could slightly reduce the HI, though 2 mm doping
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Figure 6. a,b) Transient photovoltage/photocurrent (TPC/TPV) decay curves. c) Nyquist plots curves. d) Statistics of Rre and Rct picked from IS studies.
e) Plotting between Voc and light intensity. f) C

−2–V curves recorded from Mott−Schottky study.

produces the smallest. Hysteresis is usually observed in PSCs, it
relates closely to ion migration in PVSK.[56]

Humidity resistance of PVSK film is studied by “water immer-
sion test” experiment. As is shown in Figure 8a and Video S2,
Supporting Information, after PAA doping, the PVSK degrades
more slowly. Without doping, it turns yellowish completely in 2 s;
after PAA doping, it becomes slightly yellowish after immersion
for 60 s. As such, PAA can improve the humidity resistance of
PVSK film. Such behavior is due to two factors: one is the interac-
tion betweenPAA and organic ions, and the other is the improved
crystallization of PVSK films. Similar behavior was observed in
previous study.[57] Photo-stability and storage-stability are evalu-
ated. As shown in Figure 8b, better photo-stability is harvested
after moderate PAA blending. As for the storage-stability, after
being stored in open air (devices unpackaged, relative humidity
or RH is ≈35%) for 65 days, PAA blending devices could main-
tain about 83% of the original PCE, compared to that of 60% for
pristine devices (Figure 8c).

2.3. Further Upgrading on Device Efficiency

In fact, device efficiency could be further upgraded after mod-
ifying PVSK by octylammonium iodide (OAI).[58,59] Crystallo-
graphic structure of the PVSK is examined by XRD. As is shown
by Figure S5, Supporting Information, a new peak appears at

about 3.6°, which is due to the so-called 2D phase of PVSK.[60]

Then power conversion properties are evaluated. As is shown
in Figure 9a, PAA blending helps to obtain Voc of 1.16 V, Jsc of
25.20 mA cm−2, FF of 82.46% and PCE of 24.19%, compared to
1.16 V, 24.94 mA cm−2, 79.64% and 23.02% for devices without
PAA blending. EQE spectrum is recorded. As is shown in Fig-
ure 9b, spectral response is slightly increased for PAA case.
The integrated current densities are 24.55 and 24.12 mA

cm−2 for PAA-blending and control devices, respectively. Photo-
stability is tested by performing quasi-maximum power point
tracking (Q-MPPT). As is shown in Figure 9c, PAA-device shows
stabilized power output about 24.06%, comparing to 22.29% of
the control device. The upgraded device efficiency is due to OAI
modification, which could turn the surface layer into 2D PVSK
and passivate the surface defects.[61,62]

3. Conclusion

In summary, PAA is blended with organic salt during the two-
step growth of perovskite. Due to the interaction between the
function group of carbonyl (–C=O) and organic cations, a kind of
“slow-release effect” is observed, which slows down the reaction
rate between the organic cation and PbI2 matrix, and upgrades
the crystallization quality of the perovskite. Passivation behavior
also appears due to the interaction between the carboxyl group
and Pb (II). According to these twomerits, t-DOS is reduced, and
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Figure 7. a) Typical current density–voltage (J–V) curves (recorded under simulated illumination of AM 1.5G, with the intensity of 100 mW cm−2). b)
The external quantum efficiency (EQE) spectra and integrated photocurrent. Statistics on performance parameters: c) Voc, d) Jsc, e) FF, and f) PCE.

Figure 8. a) Water immersion test for PVSK films with organic salt doped by PAA (left, the doping concentration is 8 mg mL−1) or not (right). b)
Quasi-maximum power point tracking Q-MPPT test. c) Stability test, whereas the devices were kept in air (≈35% RH) and dark environment, and no
encapsulation was used.
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Figure 9. Effect of OAI based surface modification on power conversion properties of PSCs: a) Current density–voltage curve. b) External quantum
efficiency (EQE) spectra and integrated photocurrent of champion device. c) Quasi-maximum power point tracking (Q-MPPT) test.

recombination is efficiently prevented, by which the efficiency
and stability of device is improved.

4. Experimental Section
Materials: Tin (II) chloride dihydrate (SnCl2·2H2O) was purchased

from Sinopharm. Polyacrylic acid (PAA, MW = 2000) was purchased
from Aladdin. FTO, Lead iodide (PbI2) and 2,2′,7,7′-tetrakis (N, N-di-
p-methoxyphenylamine)–9, 9 spirobifluorene (Spiro-OMeTAD) were pur-
chased from Advanced Election Technology Co., Ltd., formamidinium io-
dide (FAI), methylammonium chloride (MACl), methylammonium bro-
mide (MABr), octylammonium iodide (OAI) were all purchased from Xi’an
Polymer Light Technology Corp. Dimethylformamide (DMF), dimethyl sul-
foxide (DMSO), chlorobenzene (CB), tert-butylpyridine (t-BP), and bis
(trifluoromethanesulfonyl) imide (Li-TFSI) were purchased from Sigma-
Aldrich. All the chemicals and reagents were used as received, without
any further purification. Deionized water was prepared in laboratory.

Materials Synthesis: SnO2 quantum dots (SnO2 QDs) precursor was
prepared using the method described as following: Typically and at first,
1.354 g SnCl2·2H2O was dissolved in 50 mL ethanol, being stirred vigor-
ously until complete dissolution, then 10 mL of DI water was slowly added
and followed by stirring for 48 h to form SnO2 QDs. PbI2 precursor was
prepared by dissolved 553 mg PbI2 in mixture solvent between DMF and
DMSO (volume ratio of DMF : DMSO = 9.5:0.5, 1 mL), being stirred for
overnight at 70 °C. Organic salt solution was prepared by dissolving 60mg
FAI, 6 mg MABr, and 8.2 mg MACl in 1 mL IPA. For PAA blending, certain
volume of PAA solution (4 mm) was added, after which the concentration
of PAA was 0, 1, 2, and 4 mm, respectively. For hole-transporting layer,
145 mg Spiro-OMeTAD powder was dissolved in 1750 μL CB with addi-
tion of 35 μL Li-TFSI solution (dissolved in acetonitrile, 1.81 m), 58 μL
4-tBP and 500 μL PMMA solution (dissolved in CB, with concentration of
0.24 m). All solutions were filtered by a 0.22 μm filter before use.

Device Fabrication: First, FTO substrates were ultrasonically cleaned
in deionized water, acetone, and isopropyl alcohol each for 20 min. After
drying in oven, FTO substrates were treated by UV/Ozone for 20 min.
Then, SnO2 QDs precursor was spin-coated on topwith speed of 3000 rpm
for 30 s, followed by 150 °C annealing in atmospheric environment for
1 h to form compact SnO2 ETL. After that, SnO2 films were treated by
UV/Ozone for 20 min before PVSK fabrication. PVSK was fabricated by
two-step process: PbI2 solution was spin-coated on FTO/SnO2 substrate
by 2000 rpm for 30 s, and then annealed at 70 °C for 5 min, after cooling to
room temperature, organic salt solution was spin-coated on top by speed
of 2000 rpm for 20 s. Then, the wet films were annealed at 145 °C for
20 min in ambient air (30–40% RH). For OAI modification, OAI/IPA solu-
tion (4 mg mL−1) was spin-coated on PVSK surface by speed of 4000 rpm
for 30 s, and then annealed at 100 °C for 5 min. The hole-transport
layer was deposited on top of PVSK by spin-coating the spiro-OMeTAD

solution at 3000 rpm for 20 s. Finally, 100 nm Ag was thermal evaporated
on top.

Material Characterization and Device Performance Evaluation: Morpho-
logical properties of PVSK were characterized by atomic force microscope
(AFM 5500, Agilent). The surface and cross-sectional images of PVSKwere
characterized by scanning electron microscopy (SEM, TESCAN MIRA3
LMU). Crystallization of PVSK film was characterized X-ray diffraction
(XRD) (D8 Advance, Bruker). Fourier transform infrared (FTIR) was con-
ducted with Nicolet 6700 under air environment. The steady-state pho-
toluminescence (PL) was recorded using a HITACHI F4700 spectrofluo-
rometer with 600 nm of excitation wavelength. Extinction spectra of per-
ovskite films were recorded by UV–vis spectrophotometer (UV7500, Pu-
Xi, Shanghai). Time-resolved photoluminescence (TRPL) wasmeasured at
810 nm by HORIBA Scientific DeltaFlex fluorimeter with 478 nm excitation
laser. Element analysis was performed by X-ray photoelectron spectrum
(XPS, Thermo Fisher Scientific, monochromatized Al source with h𝜈 =
1486.6 eV). Energy band analysis was characterized by UV photo-electron
spectrum (UPS, Thermo Fisher Scientific, monochromatized He I source
with h𝜈 = 21.22 eV). External quantum efficiency (EQE) was tested by
spectrum performance testing system (7-SCSpec, Beijing) with AC mode.
Transient photovoltage/photocurrent (TPV/TPC) decay curves were mea-
sured by a home-made system equiped with a digital oscilloscope (DSO-X
3104A, Keysight) and N2 laser (NL100, 337 nm, Stanford). For TPV mea-
surement, background open circuit voltage (Voc) of about 1050 mV was
generated by static illumination; laser pulse was imported to generate
ΔVoc of about 5% of the background one. Impedance spectrum (IS) was
carried out by electrochemical workstation (CHI 660D, Chenhua) with fre-
quency range: 0.1 Hz to 1 MHz under open circuit and dark condition.
The obtained spectra were fitted by homemade software. Current density–
voltage curves were recorded by a digital sourcemeter (model 2400, Keith-
ley Inc.) under simulated illumination (Enlitech SS-F7-3A, AM1.5 G), with
intensity being calibrated to be 100mWcm−2 by standard silicon cell (SRC-
1000-TC-QZ-N, Enlitech). Devices were measured by reverse scan (1.2–
0 V, with step of 0.02 V) and forward scan (0–1.2 V, with step of 0.02 V)
with a mask area of 0.0514 cm2. Capacitance–frequency (c–f) was mea-
sured by E4990A Precision LCR Meter (Keysight) in the range from 20 Hz
to 2 MHz.
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