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Natural Product Additive with Multifunctional Groups
Enhancing the Efficiency and Stability of Perovskite

Solar Cells

Yonglei Han, Chao Zhou, Shuchen Weng, Guicheng Yu, Fang Lin, Hanlin Hu,

Yongfei Wang,* and Haoran Lin*

Perovskite solar cells (PSCs) are widely studied as the most promising
photovoltaic technology, but their performance is sensitive to the morphology
and the defect density of the perovskite films. Herein, additive engineering
strategy is applied to further improve the film morphology and device
performance by doping a small amount of natural product, D-Aspartic acid
(D-2-Aminobutanedioic acid, D-Asp), into perovskite precursor solution. The
modified device exhibits a greatly enhanced power conversion efficiency of
22.7%, which is unprecedented for PSCs doped with natural amino acids, and
3000 h stability in ambient air is achieved. Through systematical characteriza-
tions, it is concluded that D-Asp could result in thicker film formation, out-
standing perovskite film morphology, and reduced defect sites passivated by the
multiple functional groups. The results prove that the performance and stability
of the state-of-the-art mixed ion PSCs with regular architecture could be
effectively enhanced by D-Asp. The minimum usage of the natural product as
an additive is beneficial for the fabrication process and cost-control in the

Metal halide perovskite solar cells (PSCs)
are a prosperous developing technology that
could likely compete with silicon solar cells
in the future. Benefitting from the excellent
properties of metal halide perovskite mate-
rials such as suitable bandgap, high light
absorption coefficient, high charge carrier
mobility, and high defect tolerance, the
power conversion efficiencies (PCEs) of
PSCs have increased from 3.8% to 25.7%
in the past decades,’™ achieving about
80% of the Shockley—Quisser (SQ) limit.!
Although their PCEs have reached a
considerable level for industrialization, the
state-of-the-art PSCs still suffer from ambi-
ent instability, ion migration, and interfacial
reactions, which deteriorate their perfor-
mance under working conditions.

industrialization of PSCs. This work also highlights the different passivating
mechanisms for the molecules with multiple functional groups which are

meaningful for materials design.

1. Introduction

The global environment is constantly affected by the consumption
of fossil fuels and the emission of greenhouse gases. Exploring
new renewable energy sources for carbon neutrality has become
an inevitable goal, and the solar cells that harvest solar energy with-
out any emissions have become the current research hotspot."
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Tremendous research have shown that
defects in metal halide perovskites could
generate trap states within the bandgap,
and the charges captured by deep traps
will irreversibly go through nonradiative
recombination, harming the open-circuit
voltage (Vooc), short-circuit current (Jsc),
and fill factor (FF) simultaneously.”’ In contrast, defect sites are
more vulnerable to moisture, oxygen, light, and heat, which signif-
icantly reduce the lifetime of the device.*® In addition, the ion
migration in perovskite material under an electric field would cause
phase separation, hysteresis, and interfacial reaction, which would
also be exacerbated by the increase of defect density.”)

To alleviate the negative influences introduced by the defects,
multiple defect passivation methods were proposed such as
transport layer passivation,'®™? surface treatment,>'® and
additive engineering.'’**) Additive engineering is the most
facile and cost-effective method in which a small amount of elab-
orately chosen additives are premixed in the precursor solution
of perovskite, effectively passivating the defects on the surface,
grain boundaries, and in the bulk when the perovskite film is
formed.

Organic additives were widely used for defect passivation due
to their structural versatility and ability to passivate different
types of defects.l*” For example, the ammonium salts are capable
of passivating the A site (refer to the small cation site of the metal
halide perovskite such as Cs™, CH;NH;™) vacancy on the perov-
skite surface by forming hydrogen bonds with halide atoms,
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making them the most commonly used organic additive for
PSCs. Feng et al. employed different unilateral alkylamine addi-
tives with different chain lengths and found that the open-circuit
voltage (Voc) and FF of PSCs were both improved.”*! Wu et al.
added different bilateral alkylamine additives in the perovskite
precursor solution, which passivated two A site vacancies with
the ammonium groups at both ends to expose the hydrophobic
alkyl chain outside and increased the moisture resistance of the
perovskite films.[?? Carboxylic acids, as Lewis-base organic addi-
tives, could passivate the X site (X stands for halide) vacancy by
forming a coordination bond with the under-coordinated Pb
atoms. Wu et al. adjusted the electron-donating ability of the
carboxyl group by manipulating the functional groups on the
organic molecule, and successfully enhanced the interaction
between the additive and exposed Pb atoms on the perovskite.[**!
Li et al. employed a large molecular organic dye (AQ310) as
an additive, in which the passivation effect of -COOH was evi-
denced by time-of-flight secondary-ion mass spectrometry (TOF-
SIMS) and Fourier transform infrared spectroscopy (FTIR).[**]

Organic additives with multiple functional groups could pas-
sivate multiple types of defects in perovskite with a minimum
doping ratio, which is advantageous for the cost-control of prac-
tical PSCs. For example, Yun et al. used the rigid p-aminobenzoic
acid iodide (PABA-HI) to passivate the grain boundaries in perov-
skite films, and the device maintained over 91% of the initial
efficiency after exposure to 75% humidity for 312 h.”” Lin et al.
studied flexible amino acids with different chain lengths and
found that the effect of amino acid chain length on the stability
of PSCs devices can be ignored.[*®

Easily available natural amino acids are perfect choices for
the defect passivation of perovskite. For example, Kim et al.
fabricated inverted PSCs with L-alanine as an additive which
formed inner salt in a proper pH condition, and increased
PCE from 18.3% to 20.3% was obtained for small area devices.””!
Hu et al. added four natural amino acids, glycine, glutamic acid,
proline, and arginine separately to the perovskite precursor
solutions, and deeply studied the passivation mechanism of
arginine on the perovskite film.*®! Other than that, a couple of
other natural amino acids have been used as additives in PSCs
and achieved enhanced device performance.””?*=" However,
the previously reported PCEs for the PSCs with natural
amino acid additives are relatively low (less than 21%), which
is probably due to the usage of simple composition perovskite
MAPDI; (Table S1, Supporting Information). In addition, the
PCE enhancement of the devices based on regular architecture
(n-i-p) upon doping are usually as low as ~5% except in one
case a PCE enhancement of 10.1% was achieved upon proline
doping.”” Since mixed ion PSCs with regular architecture have
allowed record efficiencies,?” the influence of natural amino
acids on this type of PSCs needs further investigation.

Here, we report a natural product, D-Aspartic acid
(D-2-Aminobutanedioic acid, Figure S1, Supporting Information,
simplified as D-Asp), with one amino group and two carboxyl
groups on the molecule as an additive for PSCs with mixed ion
composition (MAg 27FAg 73Pbl; 4B 06Clo 3). The PSC device with
regular (n-i-p) architecture doped with 0.3 wt% of D-Asp exhibited
a champion PCE of 22.7%, which is 10.2% higher than that of the
undoped device. The PCE is higher than that of all previously
reported PSCs doped with natural amino acids, suggesting the
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performance of PSCs based on mixed ion compositions could also
be effectively enhanced by natural amino acids. The 10.2% PCE
enhancement is also the highest compared with that of the regular
devices in Table S1, Supporting Information, highlighting the
uniqueness of D-Asp. The efficiency of the unencapsulated device
remained almost unchanged after 2000h storage in a nitrogen
atmosphere, while maintaining 93% of the initial efficiency after
3000 h storage in ambient condition. Through systematical char-
acterizations, we observed thicker film formation upon D-Asp
doping, while having improved film morphology with fewer sur-
face defects and higher crystallinity. The enhanced device perfor-
mance was also attributed to the outstanding defect passivation
effect of D-Asp, which significantly reduced defect density and
undesired non-radiative recombination. Our work proves that
organic additives with multiple functional groups are promising
in achieving highly efficient and stable PSCs with a small
doping ratio.

2. Results and Discussion

To determine the best doping ratio of the D-Asp additive, we
characterized and compared the film morphology of the pristine
perovskite with the composition of MAg ;,FA 73PbI; 64B1¢.06Clo 3
and the perovskite doped with different ratios of D-Asp (from
0.1% to 3%). The perovskite films were prepared by a one-step
spin-coating method and analyzed after annealing. The top-view
scanning electron microscope (SEM) images of the perovskite
films displayed in Figure 1 clearly show that there are significant
pinhole defects between the grains of perovskite polycrystals
doped with 0, 0.1, 0.5, 1, 3wt% of D-Asp (Figure 1a,b,d-f). In
contrast, for the perovskite film doped with 0.3 wt% of D-Asp,
the grains are tightly packed without obvious pinhole defects
(Figure 1c). When large doping ratios are applied (1 and 3 wt%
of D-Asp, Figure 1e,f), a new amorphous phase covering part
of the perovskite surface is observed, which is believed to be
the D-Asp reprecipitation due to its low solubility. The insulating
organic phase formed on the surface of the perovskite film could
inhibit interfacial charge transfer between the perovskite and
charge transporting layer. Therefore, we preliminarily consider
that 0.3 wt% could be the best doping ratio for PSCs.

Another observable influence of the D-Asp additive on the
perovskite films is better crystallinity.**! Figure S2, Supporting
Information, shows that the statistic grain size of the perovskite
films increases from 790 to 1060 nm when the doping ratio of
D-Asp increases from 0% to 3%. This suggests that increasing
the D-Asp amount could improve the crystallinity of perovskite
polycrystals. The energy-dispersive spectroscopy (EDS) mapping
of the perovskite film with 0.3 wt% as shown in Figure S3,
Supporting Information, suggests the homogeneous distribution
of Pb, I, C, N, O elements.

The good crystallinity of the doped perovskite films was also
demonstrated by the X-ray diffraction (XRD) characterization. As
shown in Figure 2, the XRD patterns of the doped films are very
similar to that of the pristine film which suggests the addition of
the D-Asp did not alter the crystal structure or crystal orientation
significantly.’¥ We magnified the characteristic (110) diffraction
peaks of the perovskite films and observed that the peaks of the
doped films have slightly reduced full width at half maximum
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Figure 1. Top-view scanning electron microscope (SEM) images of pristine perovskite and D-Asp-doped perovskites with different doping ratios of:

a) Owt%, b) 0.1wt%, c) 0.3 wt%, d) 0.5wt%, e) 1wt%, and f) 3 wit%.
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Figure 2. X-ray diffraction (XRD) of perovskite films with D-Asp-doped
under different conditions.

(FWHM) compared with the pristine film, which indicates
their larger grain size or better crystallinity. In addition, this
diffraction peak shifted to low 20 along with the increasing
doping ratio of D-Asp, suggesting a slightly larger d-spacing
and probable crystal structural distortion induced by D-Asp
incorporation.’!

We further characterized the film morphology using an
atomic force microscope (AFM). Calculated from the height
image (Figure S4a,b,d,e, Supporting Information), the rough-
ness of the perovskite film decreased from 38.1 (pristine) to
30.5 nm (with 0.3 wt% of D-Asp). The smoother film morphology
for the doped perovskite film should result in better contact
and more uniform charge transport to the transporting layer.
The phase image (Figure S4c,f, Supporting Information) again
exhibits a larger grain size, which is consistent with previous
characterizations.

To test the performance of D-Asp as an additive for PSCs, solar
cell devices based on regular (n-i-p) architecture of ITO/SnO,/
perovskite (undoped or doped)/Spiro-OMeTAD/Au were fabri-
cated as demonstrated by Figure 3a. The champion device was
based on perovskite film doped with 0.3 wt% of D-Asp, which
exhibited a remarkable PCE of 22.7%, a Voc of 1.11V, a FF
of 81.0% and a Jsc of 25.25 mA cm™ 2. This PCE is higher than
that of all previously reported PSCs with natural amino acids
as additives (Table S1, Supporting Information). Compared with
the device based on pristine perovskite film with a PCE of 20.6%,
the 10.2% enhancement of the PCE is also the highest among
that of regular PSCs doped with natural amino acids (Table S1,
Supporting Information). The PCE is almost stable within 300s
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Figure 3. a) The device structure adopted in this study, b) J-V curves of the perovskite solar cells (PSCs) without or with different concentrations of D-Asp,
and c) external quantum efficiency (EQE) of the PSCs without or with 0.3 wt% D-Asp.
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using stabilized current at fixed voltage (SCFV) method,”®! vali-
dating the effectiveness of our measurement (Figure S5,
Supporting Information). The J-V curves and the relevant device
parameters are shown in Figure 3b and summarized in Table 1,
respectively. In addition, as shown in Figure S6, Supporting
Information, D-Asp doping could effectively narrow the statisti-
cal distribution of the FF, thus resulting in the narrowest PCE
distribution of the device doped with 0.3 wt% of D-Asp, suggest-
ing improved reproducibility.

We noticed that in the external quantum efficiency (EQE)
curves (Figure 3c), devices with 0.3 wt% of D-Asp have a higher
EQE response in a wide wavelength region than the device
without D-Asp. The cross-sectional SEM images (Figure 4a,b)
show different perovskite film thicknesses of 610 and 690 nm
for undoped and doped ones, respectively. Adding D-Asp
to the precursor solution should possibly change its viscosity,
which results in a larger film thickness and higher absorption
(Figure S7, Supporting Information). To eliminate the influence
of the film thickness on the EQE response, we carefully dilute the
precursor solution with 0.3 wt% of D-Asp and obtained a film
thickness of 600 nm, which is close to the 610 nm of the pristine
film (Figure S8, Supporting Information). From UV-vis
absorption spectra, despite that the thinner doped perovskite film
exhibited slightly decreased absorption than the pristine film
(Figure S7, Supporting Information), the EQE of the correspond-
ing device remain higher in a wide wavelength region (Figure S9,
Supporting Information). Interestingly, under similar film thick-
ness, the optical interference patterns of the pristine and doped
films are distinct. This could possibly be due to the changed
refractive index of the perovskite film upon doping. Therefore,
we can conclude that the higher Js¢ of the device doped with
0.3 wt% of D-Asp compared with the undoped device is the result
of higher film thickness and improved charge transport and
extraction processes. One important factor for charge transport

Table 1. The device parameters averaged from 20 devices with different
doping ratio of asp.

Doping Voc V] Jsc [mMAcm ™2 FF [%)] PCE [%]  PCEnax [%]
ratio [wt%)]

0 1.04 +0.01 24.76 £0.31 743+21 193+0.7 20.6
0.1 1.09+£0.01 25.024+062 753+1.6 20.6+0.6 21.7
0.3 1.09+£0.02 25334+027 773+15 21.4+06 22.7
0.5 1.104+0.02 24.84 +0.42 752+1.4 205+06 21.7
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and charge extraction efficiency is the morphology of the perov-
skite film. As a matter of fact, after doping 0.3 wt% of D-Asp, the
bulk defects (such as cracks and pinholes) in the perovskite film
are less obvious (Figure 4a,b), which is consistent with the mor-
phologies of the neat films.

The electronic behavior of the devices based on pristine and
doped perovskites is also characterized by electrochemical imped-
ance spectroscopy (EIS).*”*®! Figure 4c shows the equivalent cir-
cuit and Nyquist plots in the frequency range of 1 MHz-0.11 Hz
under —0.3 V bias. It was observed that the Nyquist plots are semi-
cirde and the recombination resistance (R,) increased from
2.7 x 10" (pristine) to 1.0 x 10° Q cm? (with 0.3 wt% of D-Asp).
The increase of Ry is crucial in reducing the undesired charge
recombination and improving Vo of the device. The increased
R is also evidenced by the low leakage current of the device
based on 0.3 wt% of D-Asp (Figure S10, Supporting Information).
In contrast, upon doping of 0.3 wt% of D-Asp, the series resistance
(Rs) of the device decreased from 26 to 14 Q cm?, which means
better device contacts and low parasitic resistance losses which
may attribute to the better morphology of the doped perovskite
film. Considering the aforementioned SEM results,”**% we con-
clude that D-Asp could greatly improve the morphology of the
perovskite film thus resulting in improved device performance.

Another important factor affecting the charge transport
and extraction efficiency is the defects in the perovskite film. To
evaluate the defect passivation ability of D-Asp, we first character-
ized the hysteresis index (HI) of the devices through forward and
reverse applied bias scanning (Figure 5a). It is well-known that the
hysteresis in PSC is mainly affected by the ionic migration, polar-
ization effects, and electronic charge trapping and de-trapping
process, which are closely related to the defects in perovskite
film.*! The HI reduced from 17.7% to 12.9% when the pristine
perovskite was doped with 0.3 wt% of D-Asp, which implies the
effective suppression of defects by the additive.

The defect passivation effect of D-Asp was also evidenced by the
photoluminescence (PL) behavior of the perovskite films. It was
observed that the perovskite film doped with 0.3 wt% of D-Asp
exhibited the highest PL intensity among all films (Figure 5b).
The average PL decay lifetime is calculated to be 0.66 and 2.8 s
for the pristine perovskite film and film doped with 0.3 wt% of
D-Asp, respectively (Figure 5c and Table S2, Supporting
Information). The stronger PL emission and its longer lifetime
of the doped film both suggest the suppression of the nonradiative
processes, which are dominated by the defect-mediated Shockley—
Read—Hall recombination.*!

== pristine
—o—0.1 Wt%
= 0.3 wt%
== 0.5 Wt%

100 nm

~ -

690nm

200 nm

Z'(KQ cm?)

Figure 4. SEM image of the completed devices based on: a) pristine perovskite and b) perovskite doped with 0.3 wt% of D-Asp. c) Nyquist plot of PSCs
without or with different concentrations of D-Asp. The inset shows the equivalent circuit.
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Figure 5. a) The best J-V data in forward and reverse scans, b) steady-state photoluminescence (PL) spectra of perovskite films with D-Asp-doped under
different conditions, and c) time-resolved PL spectra of perovskite films with D-Asp-doped under different conditions.

The radiative and nonradiative recombination processes
were further investigated by measuring the electroluminescence
external quantum efficiency (EQEg;) of the solar cell as a
light-emitting diode (LED). As shown in Figure 6, the EQEg.
of the device based on 0.3wt% of D-Asp reaches 5.04% at
25.25 mA cm ™ ? (Jsc under 1 sun) which outperforms the 0.45%
EQEg. (25.18 mA cm™?) of the device based on pristine perov-
skite. The higher EQEg; denotes more radiative behavior and
reduced non-radiative loss. The open-circuit voltage loss (A Vo)
between doped and undoped devices was calculated by the
following equation**!

AVoe = Pl [ EQdoped. (1)
q EQEundoped

In which kg, T and g represent Boltzmann constant, tempera-
ture, and elementary charge, respectively. The AV was calculated
to be 0.063 V, which is in good agreement with the 0.06 V enhance-
ment of the V¢ obtained from the J-V curves. Therefore, the high
Voc of the device doped with 0.3 wit% of D-Asp is mainly due to low
defect-mediated non-recombination loss.

The detailed passivation mechanism of D-Asp was then stud-
ied using X-ray diffraction photoelectron spectroscopy (XPS)
on the doped and undoped perovskite films. The whole XPS
spectrum and individual spectra for Pbyy, I34, Nyg, and Oy, are
displayed in Figure 7 and S11, Supporting Information,

6F
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g 4F == pristine
- == 0.3 wt%
w3
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(¢}
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2 2 ;

0.01 0.1 1 210
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Figure 6. EQE of electroluminescence (EL) of the devices while operating
as light-emitting diodes (LEDs).
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respectively. It was found that the binding energy of Pbys
increased and the binding energy of 134 decreased when the pris-
tine perovskite film was doped with 0.3 wt% of D-Asp, suggesting
the change of electron density on these atoms. In contrast, the
shift of the Oq; to higher binding energies suggests the interac-
tion between —COOH/-COO™ and perovskite, probably in the
form of coordination bonds occupying the X site vacancy.!***!
Since the -NHj...I—Pb hydrogen bonds occupying A site vacancy
are widely observed for ammonium passivated perovskite, the
electron density change on perovskite could be attributed to
the hydrogen bond/coordination bond formation between perov-
skite and ammonium/carboxyl groups in D-Asp. Figure 7ef
exhibits the FTIR spectra of D-Aspartic acid and perovskite films
without and with 0.3 wt% of D-Asp. The perovskite film with D-
Asp has a stretching vibration at 3500-4000 cm ™" due to the for-
mation of hydrogen bonds. The N-H (1610 cm ') stretching
vibration of perovskite films with D-Asp is enhanced, indicating
the formation of hydrogen bonds between amino and halogen
atoms. As shown in Figure 7f, the -COO~ (1421cm™ ') and
C-O (1042 cm™") of D-Asp shifts to 1467 and 1048 cm™" after
the addition of D-Asp into the perovskite precursor solution,
which is related to the coordination between carboxyl groups
and Pb**. Based on the aforementioned analysis, the passivation
mechanism of D-Asp involves passivation of A site and X site
vacancy on the surface and grain boundaries of the perovskite
film, which in turn improves the PCE and stability of the PSC
devices. A schematic illustration of the perovskite film before
and after D-Asp passivation is shown in Figure 7g.

The D-Asp additive not only improved the device performance
of PSC devices, but also greatly enhanced their stability. As
shown in Figure 8a, unencapsulated perovskite films with and
without 0.3 wt% of D-Asp were stored in ambient condition with
a relative humidity (RH) of 50% and a temperature of 30 °C. The
pristine perovskite film mostly degraded after 96 h of storage,
while the doped film was much less affected, demonstrating
its excellent ambient stability. For the whole PSC devices, the
PCE of the doped ones maintained 95% of the initial value after
being stored in N, for 2000 h, which is better than the 93% of the
undoped ones (Figure 8b). Even for the unencapsulated devices
stored in ambient (20% RH at 30 °C), the PCE of the doped ones
still could maintain 93% of the initial value after 3000 h, which is
vastly improved from the 61% of the devices based on pristine
perovskite (Figure 8c). To investigate the reason for the stability
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Figure 7. a) The Pbys X-ray diffraction photoelectron spectroscopy (XPS) spectra for pristine and 0.3 wt% D-Asp-doped perovskite films, b) the 134 XPS
spectra for pristine and 0.3 wt% D-Asp-doped perovskite films, c) the Ny XPS spectra for D-Asp and 0.3 wt% D-Asp-doped perovskite films, d) the Oy
XPS spectra for D-Asp and 0.3 wt% D-Asp-doped perovskite films, e) Fourier transform infrared spectroscopy (FTIR) spectra of D-Asp and perovskite films
without and with 0.3 wt% D-Asp, f) FTIR local enlarged view, and g) schematic diagram of perovskite crystals before (left) and after (right) passivation.

improvement, the contact angles between the doped/undoped
perovskite films and water were measured, clearly showing
a more hydrophobic surface of the doped ones (Figure S12,
Supporting Information). Taking the previous results into
account, the high stability of the PSC device based on perovskite
doped with D-Asp could be attributed to the hydrophobicity of
D-Asp on the surface, better morphology, and less defect-
mediated degradation processes.

3. Conclusions

In summary, we applied a natural product, D-Aspartic acid, as an
additive in mixed ion perovskite solar cells with regular architec-
ture. The thickness of the perovskite film increased upon doping
which enabled higher light absorption and the morphology of the
perovskite film was improved with fewer cracks and pinholes.
The amino and carboxyl groups in D-Asp simultaneously passiv-
ated the A site vacancy and uncoordinated Pb*" sites, which in
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turn reduced the defect density of perovskite significantly.
The champion PCE of the device doped with D-Asp reached
22.7%, which is higher than that of all previously reported PSCs
doped with natural amino acids. In addition, the great device
stability was evidenced by the 93% of the initial PCE for the
unencapsulated PSCs stored in ambient with RH of 20% and
temperature of 30 °C. This work suggests that D-Asp, as a mul-
tifunctional natural product, could be a good additive candidate
for state-of-the-art mixed ion PSCs with regular architecture. And
organic additives with multiple functional groups could greatly
enhance the performance of PSCs even with a small doping ratio,
which could simplify the fabrication process and reduce the over-
all cost of the devices.

4. Experimental Section
Materials: N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),

and chlorobenzene (CB) were purchased from Aladdin. Lead iodide beads
(Pbl,) and tin oxide (SnO,) colloid solution were obtained from Alfa Aesar.
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Figure 8. a) Images of perovskite films under 50% RH and 30 °C, b) the stability of the PSCs under Ny, and c) the stability of the PSCs under 20% RH

and 30°C.

D-Aspartic acid was purchased from Aladdin. Formamidinium iodide
(FAI) was purchased from Great Cell Solar (Australia). Spiro-OMeTAD
was purchased from Lumtec. Methylammonium bromide (MABr), methyl-
ammonium chloride (MACI), lead bromide (PbBr,) lithium bis (trifluoro-
methylsulfonyl) imide (Li-TFSI) were bought from Xi'an Polymer Light
Technology Corp. All chemicals were used as received without further
purification.

Device Fabrication: First, indium-doped tin oxide (ITO) glasses were
washed and sonicated in detergent, deionized (DI) water, and isopropanol
(IPA) for 20 min each, and dried under a nitrogen gun. Then, the sub-
strates were subjected to ultraviolet-ozone treatment for 20 min. The thin
film of SO, (2.5%) was deposited by spin-coating onto the ITO substrate
at 3000 rpm for 30's. and then annealed at 150 °C for 30 min in ambient
condition. Then perovskite precursor solution was prepared by mixing
696 mg (1.5M) of Pbl,, 240.76mg (1.4Mm) of FAI, 11 mg (0.03 M) of
PbBr,, 3.36 mg (0.03 M) of MABr, 33.75 mg (0.5 M) of MAC, 0.1-3 wt%
of aspartic acid (0.98, 2.95, 4.9, 9.8, 29.5mg) in a mixture solvent
(DMF:DMSO = 4:1). A one-step method was used to prepare perovskite
films. The perovskite precursor solution was spin-coated at 5000 rpm for
30, then 150 puL CB was dropped onto the spinning substrate after 25 s,
followed by annealing at 150 °C for 40 min. The Spiro-OMeTAD solution
was spin-coated on the perovskite layer at 4000 rpm for 30's. The Spiro-
OMeTAD solution was prepared by mixing 72.3 mg Spiro-OMeTAD, 35 pL
bis(trifluoromethane) sulfonamide lithium salt (Li-TFSI) stock solution
(260 mg Li-TFSI in 1mL acetonitrile), 30 pL 4-tertbutylpyridine(TBP),
and 1 mL chlorobenzene(CB). Finally, Au (80 nm) was thermally evapo-
rated under a pressure of 1.4 x 10~* Pa. The device area is 0.04 cm?.

Characterizations: The UV-vis absorption spectra were measured using
a U-3501 spectrophotometer (Hitachi). The XRD patterns were carried out
using a D8 ADVANCE XRD equipment. The current density—voltage (J-V)
curves were characterized by a Keithley 2400 source meter unit under
one-sun AM 1.5G illumination (100 mW cm™?) with a solar light simulator
(SS-F5-3A, Enlitech, Taiwan) The devices are tested without pretest
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illumination and bias poling, and the scan rate was 0.2Vs™'. The EQE
spectra are obtained using a QE-R 3011 system (Enlitech, Taiwan) in
the range of 300-900 nm. The stabilized current at fixed voltage (SCFV)
method was applied following established protocols.*® The voltage
was set to 0.88 (pristine) and 0.94 V (with 0.3 wt% of D-Asp) at the maxi-
mum power point to measure current and efficiency continuously. PL
measurements of perovskite films on glass were conducted using an
Edinburgh FLSP920 spectrophotometer installed with an excitation source
of 440 nm picosecond pulsed diode laser with an average power of
0.15 mW. The XPS spectra of perovskite films on ITO glass substrates were
carried out by using Thermo Scientific K-Alpha+. The SEM images were
obtained using a Hitachi S-4800 field emission scanning electron micros-
copy. Nano Measurer software was used to determine the grain sizes in
the SEM images.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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