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The two-step method presents an efficient means to streamline the fabrication process of high-quality and
reproducible perovskite films, making it a more suitable option for the fabrication of large-scale commercial
perovskite solar cells. However, a challenge with the two-step method lies in the incomplete conversion of
Pbl,, leading to decreased device performance. To address this issue, potassium L-glutamate (PL-Glu) is
introduced to modify the crystal orientation of Pbl,, yielding a perovskite buried interface devoid of any Pbl,
residue. This modification enables better infiltration of FAI, resulting in perovskite films with enhanced crystal
quality, thereby significantly reducing the adverse impact of non-radiative recombination caused by the

incomplete conversion of Pbl,. Moreover, this method optimizes the energy level structure of the SnO,
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Accepted 9th June 2024 electron transport layer, improving charge transport efficiency at the perovskite/SnO; interface. Consequently,

n-i-p perovskite solar cells achieve a power conversion efficiency (PCE) of 24.1% with a high fill factor of
82.9%. The PL-Glu-modified device maintained 92% of the initial PCE after 2700 hours under nitrogen. This
rsc.li/materials-a study provides a novel engineering strategy for simultaneously optimizing perovskite absorbers and interfaces.
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Introduction excellent a'bso.rption efﬁcie.:ncy, and tuna.lb'le band gap, htave

garnered significant attention as a promising next-generation
Perovskite solar cells (PSCs), owing to their advantages photovoltaic technology. ' The power conversion efficiency
including low exciton binding energy, high defect tolerance, (PCE) of single-junction perovskite solar cells has witnessed
a remarkable enhancement, reaching 26.1%, on par with the
traditional silicon solar cells. ” Notably, the fabrication of highly
efficient and stable perovskite thin films has predominantly
relied on a one-step antisolvent deposition method. However,
this approach is constrained by a narrow processing window
and an uncontrollable crystallization rate, potentially leading to
small perovskite grain sizes and uneven surface coverage.
Furthermore, the reproducibility of device performance is
compromised compared to the two-step method. Meanwhile,
the commonly used antisolvents, such as toluene and chloro-
benzene, are highly toxic. *'° These challenges pose significant
hurdles in the industrialization of PSCs.

An alternative approach to perovskite preparation involves
the two-step sequential deposition technique, offering
a broader processing window and obviating the need for anti-
solvents. ****> In this method, the formation of perovskite film
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depends on molecular exchange, wherein the second-step
reaction typically involves multiple organic components, pre-
senting difficulties in accurately regulating the chemical
composition of the film. Another common issue in this process
is incomplete conversion of Pbl,, where the pre-deposited PbI,
tends to form dense, less reactive crystals. This impedes the
diffusion of large ions FA" into the PbI, interior and their
insertion into the [Pblg], framework. Consequently, disordered
perovskite growth and residual PbI, inevitably lead to reduced
device performance. ** To address this issue, various methods
and strategies have been developed, including the utilization of
solvents with different polarities,* medication of the perovskite
crystallization process,' and the creation of loose, porous Pbl,
structures.'” For instance, Sun et al. produced porous and
fluffy lead iodide layers by adding quaternary ammonium
halide (QAH) additives into Pbl,."® However, the reaction at the
buried interface of the perovskite has not been studied. Shao
et al. modulated nucleation and crystallization of the Pbl, films
by introducing PFAT into PbI, precursor solutions and obtained
preferentially oriented perovskite films with a largely reduced
residual Pbl, content.”® However, the PCE champion of the
device modified only by PFAT is 23.13%, which is slightly
insufficient in terms of device efficiency. Therefore, it is
important and necessary to investigate how interface modifi-
cation affects the crystallization of Pbl, and the crystalline
quality of perovskite.

In this study, we reported the utilization of potassium
t-glutamate (PL-Glu) to modulate the crystallographic orientation
of Pbl, for sequential deposition of black-phase FAPbI;, aiming
at highly efficient and stable PSCs. We observed that PL-Glu
induced the dispersion and refinement of Pbl, grains in the
buried layer, with crystal grains in the upper layer tended to grow
along the (001) crystal plane. As the grains enlarged, gaps
increased, which facilitated the penetration of the FAI and
resulted in a perovskite film without residual Pbl, at the buried
interface. Moreover, the integration of PL-Glu modified the
energy level structure of the SnO, electron transport layer (ETL)
and enhanced the charge transfer between the perovskite
buried interface and the SnO,. These modifications facilitated
the suppression of non-radiative carrier recombination and
acceleration of electron extraction between perovskite and
SnO,. As a result, the PSCs with PL-Glu modification achieved
a PCE up to 24.1%, with a high fill factor (FF) of 82.9%, repre-
senting a noteworthy advancement compared with the
unmodified device, which had a PCE of only 22.66% and FF of
80.6%.

Results and discussion

Crystallization of PbI, and its effect on the morphology of the
perovskite buried interface

During the two-step process of preparing perovskite films,
a dense PbI, film can be easily obtained in the first step.
However, it can be challenging for the FAI deposited in the
second step to diffuse into the buried of the PbI, film and
induced a complete reaction.*® Previous studies have indicated
that a significant amount of unreacted Pbl, remains at the
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burial interface of perovskite.””** We found that using potas-
sium r-glutamate (PL-Glu) as an interface treatment material on
SnO, can regulate the crystallization of PbI, at the buried
interface, resulting in an improvement in the incomplete reac-
tion of Pbl, at the buried interface of perovskites.

To directly analyze the components of the interface without
destroying its structure, we developed two testing methods
utilizing Grazing Incidence X-ray diffraction (GIXRD), X-ray
incident from the back side (Fig. 1a) and peeling off method
(Fig. 1c). Consistent with results in published works, unreacted
Pbl, is identifiable at the buried interface of perovskite. As
illustrated in Fig. 1b, a distinct peak of the Pbl, (001) crystal
plane was observed at 12.9°. Similar results were obtained in the
peeling-off method (Fig. 1d). In particular, compared to the
control perovskite (SnO, layers without PL-Glu treatment), the
perovskite film deposited on PL-Glu-SnO, exhibited no charac-
teristic peak of Pbl,, and only the (100) crystal plane charac-
teristic peak of FAPbI; was observed (Fig. 1d). In order to
elucidate the underlying causes for this change, Pbl, with
varying concentrations was coated on control SnO, and PL-Glu
modified SnO,, producing Pbl, layers of distinct thicknesses.
Wide-Angle X-ray Diffraction (XRD) patterns were employed to
investigate the crystallization of Pbl, layers before and after
modification. At a Pbl, concentration of 0.065 M (Fig. 1e), the
characteristic peak of Pbl, at 12.8° was observed before and
after modification. In the enlarged figure, it was noted that the
characteristic peak of Pbl, shifted to a large angle after modi-
fication, and the peak shape broadened, indicating that PL-Glu
modification induces a shrinkage in the underlying PbI, unit
cell, resulting in a reduction in the lattice constant and the
crystal grains. The full width at half maxima (FWHM) of the Pbl,
(001) crystal plane was calculated using the Debye-Scherrer
formula. It was found to be 0.91 before modification and
increased to 0.95 after modification (Fig. S1t). At a Pbl,
concentration of 0.13 M, there was a noticeable change in the
variation trend of the characteristic peak of the (001) crystal
plane of Pbl,. The intensity of the (001) crystal plane charac-
teristic peak of the PL-Glu modified sample was significantly
enhanced and sharper compared to that of the control SnO,
sample. This indicates that the PL-Glu modification enhances
the orientation of Pbl, in the upper layer (relative to the
underlying) in the (001) crystal plane. The full width at half
maxima (FWHM) of the PbI, (001) crystal plane was calculated
using the Debye-Scherrer formula. It was found to be 0.471
before modification and increased to 0.456 after modification
(Fig. S27), indicating that the Pbl, grains were enlarged after
modification leading to larger grains. This phenomenon is also
observable through SEM images (Fig. S37).

Moreover, upon comparing the film cross-sections of 0.13 M
Pbl, on SnO, before and after modification, no significant
changes in the thickness of Pbl, were observed (Fig. S47). As the
(001) crystal plane dominates the crystal, Pbl, forms a plate-like
morphology with larger grains. Consequently, the gaps between
these grains are also larger than those in small grains, providing
channels for the subsequent penetration of FAL** As shown in
Fig. S5,1 Pbl, films upon the PL-Glu-SnO, displays a reduced
arithmetic mean roughness (R,) value on the surface roughness

J. Mater. Chem. A, 2024, 12, 20056-20063 | 20057


https://doi.org/10.1039/d4ta02248c

Published on 10 June 2024. Downloaded on 4/16/2026 3:25:10 AM.

Journal of Materials Chemistry A

a b
Control
Perovskite/PL-Glu-SnO,
X-ray 02mmSi0,
3 B Pbl,
2 )
s £
=
2
Perovskite E

It iy

X-ray incident from the 10 11 12 13 14 15
c back side d 20(degree)
Control
’ — Perovskite/PL-Glu-SnO,
/ iy = (00)
X-ray Sn0, %
)
Perovsl §
=
Peeling off method 10 1" 12 13 14 15
20(degree)
e
‘ (001)
Al l 0.13M Pbl,/PL-Glu-SnO,
{ 1% A L 5 X
™ 3l g 0.13M PbL,/SnO
b A W 2¢ Y 1 o 2/
| ’ & 0.065M Pbl,/PL-Glu-SnO,
a1 = ) )
p vl “‘; —
ik gl it 0.065M Pbl1,/SnO,
| 2 2
X
I | SnO, PlDF#4l-I445

101112131415 10 20 30 40 50 60 70
20(degree) 20(degree)

f .'":}‘\ (100)  (200)
; j\ | 0.13M PVK/PL-Glu-Sn0,

1
WLMWJW J‘»‘«‘;s\"‘ W 2 | | 0.13M PVK/SnO,
M - WY VT
A | 0.065M PVK/PL-Glu-SnO,
MR A : iy ‘: U E bt A A N ]
(001) | | 0.065M PVK/SnO,
Wi "«’»whﬂw,"‘\,ww".;,)” o SR A | |
1

s—u__.—\_._‘“—..
! SnO, PDF#41-1445

J

101112 13 14 15 10 20 30 40 50 60 70

g 20(degree) 20(degree)
o TS
S g /y‘. -
s ‘,‘w:\_,
_,L-/ ~
FAI 4

A gg;’ 00 (sﬁé%:@@tower layers Fofet ereats a0t O
FTO FTO

Control PL-Glu-SnO,

Fig. 1 (a) Schematic of the X-ray incident from the back side. (b)
GIXRD patterns of perovskite film substrate at an incidence angle of 1°,
incident from a quartz surface. (c) Schematic of the peeling off
method. (d) GIXRD patterns of the burial surface of the perovskite film
at an incidence angle of 0.1°. (e) XRD patterns of 0.065 M and 0.13 M
Pbl,. (f) XRD patterns of 0.065 M and 0.13 M perovskite. (g) Schematic
diagram of Pbl, crystallization before and after PL-Glu modification.

of 5.73 nm compared to that of control SnO, (6.39 nm). The
statement above suggests that the introduction of PL-Glu leads
to an increase in the size of PbI, grains and the pores between
them. These changes are expected to facilitate the penetration
of organic ammonium salts and the volatilization of solvents
during the annealing process.

To investigate the impact of PL-Glu on the crystallinity of the
buried interface perovskite layer, we reacted the aforemen-
tioned concentration of PbI, with an equal proportion of
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organic ammonium to form perovskite. This method can be
used to investigate the reaction between FAI and Pbl, at various
depths before and after PL-Glu modification, aiding in the
exploration of how PL-Glu enhances the bottom interface of
perovskite. Fig. 1f displays the XRD results, while Fig. 1g
provides a schematic diagram. When PbI, concentration is
0.065 M, only characteristic peak of the (001) crystal plane of
PbI, is observed on the control SnO, in the magnified figure.
However, the PL-Glu modified SnO, shows the characteristic
peak of the (110) crystal plane of FAPbI;, with no discernible
characteristic peak of Pbl,. Upon increasing the concentration
to 0.13 M, the (110) crystal plane of perovskite becomes evident
both before and after modification. Nevertheless, the charac-
teristic peak of the (001) crystal plane of Pbl, is still present on
the control SnO, sample. This indicates that the introduction of
PL-Glu alters the crystallization of Pbl, and promotes the
complete conversion of Pbl, at the burial interface to generate
FAPDL,.

After contact with the FAI, the PbI, cluster with suitable size
undergoes secondary nucleation, forming larger clusters. Larger
clusters subsequently interact with the FAI to generate perov-
skite, while smaller clusters below the critical size are depleted,
enabling the growth of larger clusters.”® During the interaction
between FAI and Pbl,, Pbl, exceeding the critical cluster size in
the upper layer transforms into perovskite. Meanwhile, a small
amount of FAI penetrates into the bottom interface, reacting
with the remaining lower layers of PbI, grains. In this process,
the lower layers of Pbl, of the PL-Glu modified sample were
consumed by the upper Pbl, due to secondary crystallization,
and the remaining fully reacted with FAIL In contrast, the
control group exhibits larger Pbl, cluster sizes in the lower
layers, with less FAI penetrating into these layers for interaction
with Pbl,, causing an increase in residual PbI,.

In the two-step method, the deposited Pbl, undergoes
further crystallization, followed by FAI intercalation and the
formation of the perovskite phase. Previous studies have
demonstrated through theoretical calculations that the (001)
crystal plane is the optimal orientation for perovskite films.****
Therefore, increasing the crystallinity of the (001) crystal face of
Pbl, by PL-Glu modification helps to obtain high-quality
perovskite films. We then performed scanning electron
microscopy (SEM) to visualize and analyze the effects of PL-Glu
on the buried perovskite interfaces. Fig. 2a illustrates the
process of peeling the perovskite film (details in the ESIt). The
Energy Dispersive Spectrometer (EDS) results (Fig. S61) of SnO,
after perovskite exfoliation show no residual perovskite
components on the surface, indicating a complete perovskite
buried interface can be achieved through the exfoliation
method. Fig. 2b and c¢ show that a significant amount of white
granular material is present at the perovskite buried interface of
the control sample, continuously distributed at the grain
boundaries of the perovskite. This material has been confirmed
to be PbI, through EDS analysis (Fig. 2f and g). Incomplete
reaction of Pbl, is due to the hindered diffusion of FAI. At the
buried interface of the perovskite deposited on PL-Glu-SnO,
(Fig. 2d and e), there is no visible white substance in the gaps
between the grains. The perovskite grains are larger and

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Schematic of the peel-off process. (b—e) The morphologies for burial interface of the perovskite films deposited on the Control SnO,
(b, and c) and the PL-Glu-SnO; (d, and e). (f) SEM image corresponding to the EDS characterization of the white material between grains of
perovskite burial interface. (g) EDS result of the white substance between grains of perovskite burial interface.

smoother compared to the control. The incomplete reaction of
Pbl, at the perovskite buried interface is improved by the
introduce of PL-Glu. The SEM observations are consistent with
our XRD analysis results.

The morphology and crystallographic orientation of the Pbl,
film during the continuous film deposition process significantly
affect the quality of the resulting perovskite film. In order to
provide the strategies for adjusting the crystallization of PbI,,
SEM was used to characterize the difference in perovskite
morphology before and after treatment with PL-Glu. In
comparison to the control device, the sample treated with PL-
Glu presents a smoother and denser film, with a notable
reduction in unreacted PbI, on the upper surface (Fig. 3a and c).
When analyzing the perovskite cross-section, the PL-Glu-treated
sample exhibits fewer perovskite grain boundaries and signifi-
cantly larger grain sizes than the control device (Fig. 3b and d).
This improves the vertical charge transport within the device.
Moreover, PL-Glu modification reduced the R, of the perovskite
film from 19.1 nm to 17.9 nm (Fig. 3e and f). This flat and
uniform morphology with low surface roughness is critical for
suppressing charge defects and reducing interfacial series
resistance for efficient charge transport.*® The influence on the
crystalline and absorptive properties of the perovskite films
were characterized by UV-vis absorption spectra and XRD. In
Fig. 3g, the film exhibits diffraction peaks at 14.3° and 28.5°,
corresponding to (100) and (200) crystal planes of FAPbI;.?”2®
The intensities of the main diffraction peaks of perovskite

This journal is © The Royal Society of Chemistry 2024

increase upon PL-Glu modification, indicating an enhancement
in the crystallinity of the perovskite. Additionally, the
Ultraviolet-visible (UV-vis) absorbance (Fig. S71) demonstrates
an increase after modification, which contributes to the
increase in current density.

The adsorption energy of FA" cations on the PbI, (001) crystal
plane is greater than that on the (110) crystal plane. This
suggests that the (001) crystal plane is more likely to react with
FA" cations to form perovskite.® The PL-Glu modification
enhances the crystallinity of the PbI, (001) crystal plane, facili-
tating the formation of larger Pbl, grains. This is conducive to
the reaction with FA" to form perovskite. Consequently, the
crystallinity of the perovskite prepared following PL-Glu modi-
fication is demonstrably superior to that of the control sample.
The PL-Glu modification has a synergistic effect on the bottom
and surface of the perovskite and the grain size of the bottom
interface of the perovskite. The crystallization of the upper
interface of the perovskite is reduced, and the roughness is
reduced, which is conducive to the carrier transport and
extraction between the perovskite and the ETL and HTL.*

Effect of buried interface modification on SnO, performance

SnO, possesses a large number of defects on its upper surface.
These defects originate from surface atoms with inadequate
coordination and may induce energetically deep gap states.**>
When interfaced with perovskites, the states in SnO, can both
increase charge carrier recombination and hinder the collection

J. Mater. Chem. A, 2024, 12, 20056-20063 | 20059
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Fig. 3 (a) Top-view SEM and (b) cross-sectional SEM images of
perovskite films deposited on the control SnO,. (c) Top-view SEM and
(d) cross-sectional SEM images of perovskite films deposited on the
PL-Glu-SnO, coated FTO substrates. (e) AFM images of perovskite
films deposited on the control SnO, and (f) the PL-Glu-SnO5. (g) XRD
patterns of perovskite film.

and transfer of free charges carriers that ultimately reduce
device performance.*® Therefore, an ideal contact surface
modification material should not only solve the problem of
incomplete reaction of Pbl, at the buried interface of perovskite
but also regulate the energy level and passivate defects on the
upper surface of SnO,.

Calculations based on density functional theory (DFT) were
carried out to map out the electrostatic potential (ESP), which
visualizes the charge distribution of the PL-Glu molecule. The
chemical structure and the ESP map of PL-Glu zwitterion are
shown in Fig. S8f and 4a, respectively. It is evident from the
color gradient that there is a gradual decrease in electron
density from the negative center (-COO™~ group) to the positive
center (-NH>" group and carbon skeleton) in the structure.
Potassium glutamate's carboxylic acid is expected to interact
with SnO,, while the amino group undergoes an acid-base
coordination reaction with Pbl,.

20060 | J Mater. Chem. A, 2024, 12, 20056-20063
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To explore the impact of PL-Glu on the chemical environ-
ment of the SnO, layer, we initially investigated the interactions
between SnO, and PL-Glu via the X-ray photoelectron spec-
troscopy (XPS) technique. As illustrated in Fig. 4b, the
significant N 1s signals confirm the existence of PL-Glu on the
surface of SnO,. Additionally, the SnO, film modified with PL-
Glu displayed shifted Sn 3d peaks (Fig. 4c), from 495.14 eV
and 486.73 eV to 495.23 eV and 486.83 eV, respectively. This
change in electron density can be attributed to the negative
charge carried by -COO™.** The O 1s signals of the control SnO,
films displayed two separate peaks in Fig. 4d: one correspond-
ing to lattice oxygen (530.66 eV), and the other depicting
chemisorbed oxygen atoms or hydroxyl groups (531.86 eV). **
After the modification with PL-Glu, the intensity of the peak
representing lattice oxygen decreased, while that for adsorbed
oxygen increased. The shifting Sn 3d and O 1s peaks suggest
a chemical interaction between PL-Glu and SnO,. These
observations suggest a chemical interaction between PL-Glu
and SnO,. Such interaction arises from the coordination
between the carboxyl groups and under-coordinated Sn**.»3¢
Furthermore, Fourier-transform infrared spectroscopy (FTIR)
measurement (Fig. S91) was performed to analyze the interac-
tion of PL-Glu with the SnO, layer. The FTIR spectrum of PL-Glu
shows a typical -COO™ stretching vibration at =~1600 cm ™.
Following the modification of PL-Glu on SnO,, a blue shift in
the -COO™ stretching vibration peak was observed, indicating
the interaction between SnO, and -COO~ on PL-Glu.?*® This
finding agrees with the XPS analysis results.

Since PL-Glu interacts with both the SnO, and the perovskite
buried interface, the energy levels of the SnO, film and the
perovskite buried interface may change due to PL-Glu modifi-
cation, thus potentially impacting the charge transfer at the
perovskite buried interface. The Eyg and Ecp of perovskite, the
control SnO,, and PL-Glu-SnO, were obtained through UPS and
UV-vis testing (Fig. S107). Fig. 4g illustrates the energy level
alignment. The Ecg (—3.72 eV) of SnO, is slightly upshifted after
PL-Glu modification and is closer to that of perovskite (—3.56
eV) compared with SnO, (—3.83 eV). This can reduce the loss of
open circuit voltage (V,.), which helps to improve the final PCE
of the device.

Photovoltaic performance of the PSCs

To further analyze the carrier dynamics of perovskite films
grown on SnO, before and after modification, we performed
a series of optical and electrical characterizations. Fig. 5a and
S11t shows the steady-state photoluminescence of the perov-
skite film before and after modification. Compared to the
control SnO,, the perovskite film on PL-Glu modified SnO,
shows lower PL intensity at a wavelength of 802 nm, indicating
that the PL-Glu modification results in more efficient electron
injection. Additionally, time-resolved photoluminescence
(TRPL) measurements were also performed on the same
sample, and the PL intensity decay curves plotted in Fig. 4b were
fitted with a bi-exponential decay equation:

I(l) :IO +A1€7t/rl +A2€7ﬂ12

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4ta02248c

Published on 10 June 2024. Downloaded on 4/16/2026 3:25:10 AM.

View Article Online

Paper Journal of Materials Chemistry A
a b c d
N'ls Control Sn3d Control O1ls Control
7.48E-2 - ~ -
= = =
e/ i A \| 2
| U8 Ve L — E i
‘ ))JJ A @ PL-Glu-SnO, 2 :  PL-Glu-SnO, 2 PL-Glu-SnO,
) o i [
= = =
. L= E o
-7.48E-2 o J\ A
408 404 400 396 495 490 485 537 534 531 528
Binding Energy(eV) Binding Energy(eV) Binding Energy(eV)
€ [ Perovskite f —— Control — Control 9.
- _ — 9 _3.83 3.72 &
= = = = o
< < < ) o
-4 =|17.18eV < 3.89 eV o )
£ g PL-Glu-SnO £ 2 EE
I N K N o - — N R = =
z 2 u-5no), 2 PL-Glu-SnO, ﬁ =N I
g g g 5 N E
= = = 4 @)
— 1.22¢V = — = )
. Q
17.33eV] 17.38¢eV 398 eV
— — — . — -7.93 -7.82
19 18 17 16 1518 1.2 06 00 -06 20 19 18 17 16 15 14 6 5 4 3 2 1 0
Binding Energy(eV) Binding Energy(eV) Binding Energy(eV)
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TRPL spectra show that the charge carrier lifetime after PL-
Glu modification is shorter (45.3 ns) compared to the control
perovskite film (301.6 ns). The shorter lifetime indicates that
the electron extraction efficiency at the SnO, ETL/perovskite

interface is higher after PL-Glu modification.”” Fig. S12f
displays the TRPL results following modification with varying
concentrations of PL-Glu (0.01-0.03 M).
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Fig. 5
perovskite film. (c) Dark J-V measurement of

(a) Steady-state PL of SnO,/perovskite film and PL-Glu-SnO,/perovskite film. (b) TRPL curves of SnO,/perovskite film and PL-Glu-SnO,/

control and PL-Glu-SnO,/perovskite electron-only devices. Inset: schematic illustration of the

device structure. (d) J-V curves of target and control PSCs. (e) EQE spectra and the corresponding integrated J,. of the target and control PSCs.
(f) Storage stability of the unencapsulated target and control PSC at room temperature in the dark in glovebox.

This journal is © The Royal Society of Chemistry 2024

J. Mater. Chem. A, 2024, 12, 20056-20063 | 20061


https://doi.org/10.1039/d4ta02248c

Published on 10 June 2024. Downloaded on 4/16/2026 3:25:10 AM.

Journal of Materials Chemistry A

To further quantitatively study the effect of PL-Glu modifi-
cation on the defect density of perovskite, electron-only devices
with FTO/SnO,/(W/O or W PL-Glu)/perovskite/C60/BCP/Ag
structure were prepared and measured by the space charge
current limiting (SCLC) method.*® The trap-filled limit voltage
(V) of the control device and the PL-Glu modified single
electron device are 0.54 and 0.31 V, respectively (Fig. 5¢). Based
on these results, it is calculated that the electron defect density
of the PL-Glu modified device is 5.03 x 10" em >, which is
lower than the control film (9.78 x 10" ¢m™®). Reducing the
density of defects is beneficial in suppressing non-radiative
recombination, thereby improving device performance.

At last, we fabricated solar cells with an n-i-p structure of
FTO glass/SnO,/perovskite/Spiro-OMeTAD/Ag. After optimiza-
tion of the PL-Glu concentration (0.01-0.03 M) in solar cells
(Fig. S137), an optimal ratio of PL-Glu (0.02 M) in SnO, led to
a champion efficiency of 24.10% (Fig. 5e), with open-circuit
voltage (Voe) of 1.15 V, short-circuit current density (Js.) of
25.18 mA cm~? and a fill factor (FF) of 82.9%. While for the
control devices, the PCE of the champion device was 22.66%,
and the corresponding Js, Voc, and FF were 24.91 mA cm 2,
1.13 V, and 80.6%, respectively. The hysteresis index (HI),
calculated by the formula HI = (PCEgs — PCEgs)/PCEgs, exhibits
a pronounced decline from 4.0% to 1.6% (Fig. S141). This
decline can be attributed to the efficient carrier transport at the
PL-Glu modified SnO,/perovskite interface. Increasing the PL-
Glu concentration above 0.02 M results in a decrease in FF,
possibly because the high loading of insulating PL-Glu
increases the internal series resistance, preventing efficient
charge transfer at the interface. The EQE (external quantum
efficiency) results (Fig. 5d) revealed that the integrated J,. of the
device before and after optimization of the PL-Glu was 23.90
and 24.23 mA cm 2, respectively, which well matched with the
Jsc value obtained by J-V curves in Fig. 5e.

Long-term stability is a crucial quality assurance for PSCs to
advance towards commercialization. Hence, we performed
stability tests on PSCs with and without PL-Glu modification.
The testing apparatus was kept under nitrogen conditions and
the results are presented in Fig. 5f. It is clear from the results
that the device with PL-Glu modification exhibits superior
stability. Specifically, the PCE of this device remains above 92%
of its initial PCE even after storage for 2700 hours. The control
device's PCE decreased significantly after 1200 hours, dropping
to 75% by 1700 hours. To ascertain the stability under working
conditions of the devices, we conducted a test on the steady-
state photocurrent output of PSCs at the maximum power
point (MPP) following 150 seconds of illumination (Fig. S157).
For PL-Glu-SnO, devices, steady-state efficiencies were
remained at 23.94% under bias voltages of 0.988 V. In contrast,
control exhibited a decreasing trend, from 22.48% to 21.90%
under bias voltages of 0.968 V. This suggests that the working
stabilization of the PL-Glu modified device has been enhanced.

Conclusions

Through the application of the molecular modifier PL-Glu to the
buried interface between SnO, and the perovskite layer,
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enhancement in both the efficiency and stability of perovskite
solar cells can be achieved simultaneously. Systematic analysis
showed that PL-Glu can change the crystal orientation and
crystallinity of Pbl,, improve the incomplete reaction of Pbl,,
and optimize crystal growth on the perovskite surface. More-
over, PL-Glu can interact with the suspended bond on the SnO,
surface to adjust the energy level of the perovskite layer, thereby
promoting interfacial charge transfer. The enhanced film
quality possesses lower defect density, which is essential for
reducing non-radiative charge recombination and prolonging
charge lifetime. Consequently, FAPbI;-based PSCs with PL-Glu
modification demonstrate significant improvement of V,. and
FF, leading to PCE increased to 24.10% under 100 mA cm >
illumination, higher than the control devices (22.66%). Mean-
while, the PL-Glu-modified device maintained 92% of the initial
PCE after 2700 hours under nitrogen, whereas the control
device merely retained 75% of its initial efficiency after 1200
hours. The PL-Glu-modified strategy provides a new way to
improve the PCE and stability of two-step perovskite solar cells.
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