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High-Performance Ideal Bandgap Sn-Pb Mixed Perovskite
Solar Cells Achieved by MXene Passivation

Jiupeng Cao, Chun-ki Liu, Yang Xu, Hok-Leung Loi, Tianyue Wang, Mitch Guijun Li,

Lixian Liu, and Feng Yan*

Ideal bandgap (1.3-1.4 eV) Sn-Pb mixed perovskite solar cells (PSC) hold the
maximum theoretical efficiency given by the Shockley—-Queisser limit.
However, achieving high efficiency and stable Sn-Pb mixed PSCs remains
challenging. Here, piperazine-1,4-diium tetrafluoroborate (PDT) is introduced
as spacer for bottom interface modification of ideal bandgap Sn-Pb mixed
perovskite. This spacer enhances the quality of the upper perovskite layer and
forms better energy band alignment, leading to enhanced charge extraction at
the hole transport layer (HTL)/perovskite interface. Then, 2D Ti;C,T, MXene
is incorporated for surface treatment of perovskite, resulting in reduced
surface trap density and enhanced interfacial electron transfer. The
combinations of double-sided treatment afford the ideal bandgap PSC with a
high efficiency of 20.45% along with improved environment stability. This
work provides a feasible guideline to prepare high-performance and stable

conversion efficiency (PCE) of 26.7%.!1:%!
Currently, the most efficient PSCs reported
are based on lead-based perovskites, which
have a bandgap of 1.5-1.7 eV. However, the
ideal bandgap of single-junction solar cells
should be ~1.3-1.4 eV according to the
Shockley—Queisser (SQ) limit.>-! Bandgap
tuning of perovskites by compositional
engineering is a facial method to achieve
ideal bandgap perovskite light absorbers
for single-junction solar cells. Specifically,
ideal-bandgap perovskite can be realized
from Sn-Pb mixed perovskite with a Sn/Pb
ratio of ~3/7.1%71 Moreover, low bandgap
Sn-Pb mixed perovskites are necessary
for all perovskite tandem devices.®1]

ideal-bandgap PSCs.

1. Introduction

Since 2009, organic-inorganic halide perovskite solar cells
(PSC) have achieved great development, with a certified power
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However, the efficiency of Sn-Pb mixed
PSCs still falls behind that of their lead-
based counterparts, which arises from
the high defect density induced by the
Sn?* oxidation.['®!!] Various efforts have been made to enhance
the efficiency and stability of Sn-Pb mixed PSCs. For example,
tin fluoride (SnF,) has been widely used as an additive in Sn-Pb
mixed perovskite to suppress the oxidation of Sn?* and enhance
the crystallinity of perovskites.[!?| Recently, Xiao and co-workers
introduced an antioxidant formamidine sulfinic (FSA) additive
to suppress the Sn?* oxidation and passivate defects in Sn-Pb
mixed perovskite, and a high efficiency of 21.7% was obtained
in low-bandgap (1.22 eV) Sn-Pb mixed PSCs.13] Tong et al. re-
ported the incorporation of SnCl,-3FACI additive in Sn-Pb mixed
perovskite for enhanced crystallinity and reduced residual stress
with promising effects.['*] Nevertheless, it is still challenging to
prepare high performance ideal-bandgap Sn-Pb mixed PSCs with
decent long term stability.

In this work, piperazine-1,4-diilum tetrafluoroborate (PDT)
was used to form an interfacial layer at the bottom side of ideal
bandgap Sn-Pb mixed perovskite, which has a composition of
FAy,MA,,Cs,,Pby,Sny;I; (FA, formamidinium; MA, methy-
lammonium; Cs, cesium). This interfacial layer forms favor-
able energy alignment between the hole transport layer (HTL)
and perovskite, which is beneficial for efficient charge separa-
tion and collection. Meanwhile, tetrafluoroborate (BF,™) at the
HTL/perovskite interface can effectively passivate the defects in
perovskites to reduce nonradiative recombination.!*! Then, we
post-treated the perovskite with 2D Ti,C,T, MXene. The MXene
interlayer can effectively passivate the surface defects and tune
the work function of perovskite to form proper energy level align-
ment at perovskite/electron transport layer (ETL) for enhanced

© 2024 The Author(s). Small published by Wiley-VCH GmbH
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Figure 1. a) Schematic diagram of the fabrication process of PDT interlayer. b) XRD patterns, (b) UV-vis absorption spectra, c) Colcualted bandgap,
and e) PL spectra of perovskite film with and without PDT interlayer. SEM images of perovskite film f) without and g) with PDT interlayer.

charge transport. Consequently, the ideal bandgap PSCs with
dual interfacial modification showed high PCE of 20.45% along
with improved long-term stability.

2. Results and Discussion

Schematic illustration of the fabrication process of ideal bandgap
Sn-Pb mixed perovskite based on PDT interfacial layer is shown
in Figure 1a, where PDT/PbI, complex was coated on the sub-
strate and then the perovskite precursor was deposited. The
X-ray diffraction (XRD) pattern of the PDT/PbI, complex is
shown in Figure S1 (Supporting Information), and the charac-
teristic peak at ~5° indicates the formation of low dimensional
perovskite.['®17] XRD was then used to investigate the crystalline
properties of the perovskite films with and without the inter-
layer. As can be seen from Figure 1b, the diffraction peaks ~14°
and 28° can be ascribed to the (110) and (220) lattice planes of
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FA,,MA,,Cs,;Pb,,Sn,;1I; crystal, respectively.'*! With the in-
troduction of the interlayer, the diffraction peak shows a smaller
full width at half maximum (FWHM), which indicates the en-
hanced crystallinity of the perovskite film.['*) Meanwhile, there
is no obvious peak appearing below 10°, which can be ascribed
to the weak diffraction intensity of the ultrathin interlayer.

The absorption spectra of the perovskite films are shown in
Figure 1c, which show similar absorbing edges. Figure 1d shows
the bandgap (E,) of the perovskite films (1.34 eV), which is close
to the ideal bandgap value of the SQ limit. Figure 1e shows the
steady photoluminescence (PL) spectra of the perovskite films.
With the introduction of the interlayer, the perovskite shows
stronger PL intensity, which indicates reduced nonradiative re-
combination. Specifically, BF,~ can decrease the interstitial io-
dide defects and thus reduce nonradiative recombination.'>2% To
study the effects of the interlayer on the morphology of the per-
ovskite films, scanning electron microscope (SEM) images are
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Figure 2. a) XRD patterns of Ti;AIC, and Ti;C,T, MXene. b) TEM image of Ti;C,T, MXene and the inset shows the corresponding SAED pattern. c)
TOF-SIMS profile of MXene/perovskite/PDT/NiO,/ITO. d) Ti 2p, e) Pb 4f, and f) Sn 3d XPS spectra of perovskite film with and without MXene treatment.

taken and shown in Figure 1f,g. With the introduction of the in-
terlayer, the grain size of the perovskite film is enlarged and the
perovskite film is more compact. Then, a lift-off method was used
to investigate the bottom interface morphology of the perovskite
films.2!1 As shown in Figure S2 (Supporting Information), some
voids can be seen from the control sample while these voids were
greatly decreased in the interlayer modified perovskite film. The
interlayer may act as a template to assist the growth of perovskite
grains, leading to improved perovskite morphology with larger
grain size.??]

MZXene is a new type of 2D material with excellent optoelec-
tric properties like high electrical conductivity and large specific
surface.l?’] Moreover, the surface groups (oxygen (-O), hydroxyl
(-OH), and fluorine-containing groups (-F)) of MXene can tune
the electronic properties,!**! making MXene promising material
for application in PSCs.[?>] Here, Ti;AlC, powder was etched
to remove the Al layers to get the Ti;C,T, MXene nanosheets.
XRD patterns of Ti;AlC, before and after etching are shown in
Figure 2a. Disappearance of the characteristic (104) peak of
Ti;AlIC, at 39° and the shift of (002) peak indicate the syn-
thesis of Ti;C,T, nanosheets.”! As shown in Figure 2b, the
transmission electron microscopy (TEM) image shows the few
layered nanosheets with lateral size of ~1 um. The selected
area electron diffraction (SAED) in Figure 2b is consistent with
hexagonal atomic structure. The average size of the MXene
nanosheets measured by dynamic light scattering (DLS) was
~900 nm (Figure S3, Supporting Information). The thickness of
the MXene nanosheets was determined using atomic force mi-

Small 2024, 20, 2403920

2403920 (3 of 7)

croscopy (AFM), and the thickness is ~2 nm (Figure S4, Support-
ing Information). The high-resolution TEM (HRTEM) of MXene
nanoflakes is shown in Figure S5 (Supporting Information), and
the lattice fringe spacing of 0.26 nm can be ascribed to the (101)
plane.[?]

Subsequently, the high quality MXene with functional groups
was used to post-treat the perovskite films. Time of flight sec-
ondary ion mass spectroscopy (TOF-SIMS) was used to investi-
gate the cross-sectional elements distribution. As illustrated in
Figure 2c, appearance of Ti ions confirmed the existence of MX-
ene on the perovskite film. Meanwhile, the distribution of B
ions near the bottom of perovskite indicates the formation of
the PDT interlayer, leading reduced trap density.[2*28] XPS was
further carried out to investigate the interaction between MXene
and perovskite, and the XPS spectra are shown in Figure 2d-f.
The Ti peak in the MXene-modified perovskite further confirmed
the presence of MXene on the perovskite film. As illustrated in
Figure 2e,f, the binding energies of Sn and Pb show an obvious
shift after MXene treatment, which indicates the chemical inter-
action between MXene and perovskite.[? This interaction sug-
gests the functional groups of MXene (-OH, -F, and -O) can inter-
act with undercoordinated Pb** /Sn** to reduce the defect density
of the perovskite film.[30-32]

To evaluate the effect of PDT/MXene treatment on the charge
transport properties,** dark current density was measured and
shown in Figure 3a. The plain device suffered from high leak-
age current. In contrast, the PDT/MXene double-sided treated
device showed good diode behavior with much lower leakage
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Figure 3. a) Dark J-V curves of the perovskite films. Dark J-V curves of hole-only devices b) control, c) PDT modified and d) PDT/MXene modified.

current, indicating the much reduced background carrier den-
sity. Since the background carrier density is related with the trap
density in a solar cell, this results suggest the double-sided treat-
ment can decrease the trap density in the devices.[** To quantita-
tively estimate the trap density, the space charge limited current
(SCLC) measurement was performed. Hole-only devices were
prepared and dark I-V curves were measured and shown in
Figure 3b—d. The Ohmic region at low bias exhibited a linear
relation between current and electric field. When the voltage is
above the trap-filled limit voltage V., the current shows a sharp
increase. The trap density can be calculated from the equation of
N, = (2e€4Vyp;)/(€L?), where € and ¢, is the dielectric constant
of perovskite and vacuum dielectric constant, respectively. L is
the thickness of perovskite and e is the elementary charge.*’!
PDT/MXene double-sided modification leads to decreased defect
density from 8.0 x 10! to 6.1 x 10** cm~3, which validates that
the double-sided treatment can effectively reduce trap states in
perovskite films. As discussed above, BF,~ ions can enhance the
film quality and reduce interstitial iodide defects. Meanwhile,
the MXene post-treatment can effectively passivate interfacial de-
fects through the chemical interactions. In addition, to get in-
sight into the carrier recombination behavior inside the devices,
open voltage (V) of the devices under various light intensities
was measured and shown in Figure S6 (Supporting Information).
The dominant recombination mechanism in a solar cell can be
reflected from the ideality factor n.3%] Generally, the value of n
closer to 1 suggests less defect-induced recombination.”] The
target device has much lower » value than that of the control de-
vice, indicating the suppressed nonradiative recombination.
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PSCs with a structure of ITO/NiO, /PDT/perovskite/MXene
/PCBM/BCP/Ag are prepared (Figure 4a). Cross-sectional SEM
image of the device is shown in Figure S7 (Supporting Infor-
mation), and the thickness of perovskite layer is 550 nm. UV
photoelectron spectroscopy (UPS) was performed to investigate
the interfacial energy level alighment after PDT modification.
As shown in Figure S8 (Supporting Information), the valence
band (VB) of PDT/PbI, can be obtained from the equation of
Eyp =21.22—(E,,..5 — Ep,4,), and the conduction band (CB) can
be calculated by Ecy = Eyp + E,. The E, of PDT/PbI, is obtained
from the absorption spectra, as shown in Figure S9 (Supporting
Information). Then, UPS was performed to measure the band
structure of perovskite with and without MXene post treatment.
As shown in Figure S10 (Supporting Information), the valance
band (VB) of pristine and MXene modified perovskite films are
calculated to be —5.46 and —5.52 eV, respectively. Based on these
results, the energy diagram of the PSC is depicted in Figure 4b.
The bottom PDT modification forms cascade energy level align-
ment, which facilitates the hole collection. Moreover, the high
CB of PDT layer can function as electron block layer to suppress
the charge recombination. On the other hand, the interaction
between MXene and perovskite induces surface dipoles, leading
to tuned interfacial band alignment.3!38] The difference of band
structure between the surface and bulk causes band-bending,!*!
which is beneficial for charge extraction from perovskite to the
PCBM layer. In short, the double-sided interlayer modification
forms favorable energy level alignment for efficient charge extrac-
tion and suppressed nonradiative charge recombination, which
is beneficial for the enhanced photovoltaic performance.
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Figure 4. a) Device structure of ideal-bandgap PSC. b) Schematic energy level of the PSC. c) J-V curves and d) EQE spectra of the PSC without and with

interlayer modification. Long-term stability of the unencapsulated device under e) N, glove box and f) white light illumination in N, glove box.

The current-voltage (J-V) curves of the devices are shown in
Figure 4c. The control device without modification shows V. of
0.89 V, current density (J5c) of 26.04 mA cm~2, fill factor (FF) of
74.67%, and PCE of 17.31%. With the introduction of PDT in-
terfacial layer, the photovoltaic performance increases obviously.
At optimized conditions, the champion device demonstrates V.
of 0.93 V, Jsc of 26.61 mA cm~2, FF of 77.36%, and PCE of
19.14%. The enhanced V- and FF could be ascribed to the en-
hanced perovskite film quality with reduced defect density. With
high PDT concentration, the [~ and FF show a serious drop,
which comes from the increased internal series resistance due
to the thick PDT layer. Then, MXene post treatment was intro-
duced to further enhance the device performance. With the intro-
duction of MXene interfacial layer, the champion device shows
high PCE of 20.45% with V. of 0.94 V, J¢. of 27.83 mA cm™
and FF of 78.17%. The much enhanced FF and J,- can be at-
tributed to the enhanced charge extraction efficiency induced by
the MXene interfacial layer. The statistical photovoltaic parame-
ters are shown in Figure S11 (Supporting Information), which
suggests the good reproducibility of the PDT/MXene treated de-
vice. The external quantum efficiency (EQE) curves of the control
and PDT/MZXene treated devices and corresponding integrated
Jsc are shown in Figure 4d, which aggress well with the val-
ues from the J-V curves.*0!l Then, the environmental and light
soaking stability of the ideal bandgap PSCs are examined. As
shown in Figure 4e, the double-sided interlayer modified PSC
without encapsulation remained more than 85% of its initial effi-
ciency after storage in N, glove box for 1000 h. However, the con-
trol device degraded to ~60% of its original efficiency under the
same condition. Moreover, the light soaking stability of the device
is also checked. As illustrated in Figure 4f, the double-sided in-
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terlayer modified device without encapsulation maintained over
80% of the original efficiency after continuous white light illu-
mination in N, glovebox for 500 h. Nevertheless, the control de-
vice can only remain 50% of the initial efficiency under the same
condition. The degradation of the device performance can be at-
tributed to the oxidation of Sn** by the trace amount of oxygen
in the glovebox. The enhanced device stability can be ascribed to
the improved perovskite film quality with less defect density after
PDT/MXene modification. In addition, the electron donor group
from MXene can enhance the electron density of perovskite, lead-
ing to suppressed Sn** oxidation.[*>*3] More importantly, 2D MX-
ene flakes are impermeable to oxygen gas and ions, and conse-
quently the inhibited ion migration in PSC with PDT/MXene in-
terlayer contributed to the enhanced device stability.[*+-#6]

3. Conclusion

In summary, PDT was introduced as the bottom interlayer to
enhance the performance of ideal bandgap Sn-Pb mixed PSCs.
The PDT spacer can act as a template to enhance the quality
of the upper perovskite layer with reduced defect density. Mean-
while, the interlayer at the bottom interface is beneficial for the
enhanced hole transfer and suppressed charge recombination.
Then, Ti;C,T, MXene was incorporated for surface treatment of
perovskite to passivate the surface defects. The MXene treatment
leads to the down shift of the energy band of the perovskite layer,
which facilitates the interfacial charge transfer. Moreover, due to
the improved quality of perovskite layer after the PDT treatment
and the encapsulation of MXene layer on the top surface, the
device stability was improved substantially. Beneficiating from
these advantages, the ideal bandgap Sn-Pb mixed PSCs show

© 2024 The Author(s). Small published by Wiley-VCH GmbH

B5US01 SUOLULLIOD BAITERID 3|ed ! |dde 8y} Aq pauieAoh a1 Sapiie WO 198N JO S9N 10y Akl 8UIIUO AB|IA UO (SUORIPLOD-PUe-SLLLBYWI0O" A8 |1 ARe1d) 1 o1 JUO//SANY) SUONIPUOD PUe SWie L U} 89S *[7202/TT/9¢] uo Aiqiauliuo AB1IM ‘INOH ON NH ALISYIAINN DINHOILATOd ONOX ONOH A4 026£07202"|IWUS/Z00T 0T/I0p/wi0o" Ao | 1m AReld 1putjuo//Sdny wioy papeojumod ‘L 'v20e ‘6289€TIT


http://www.advancedsciencenews.com
http://www.small-journal.com

ADVANCED
SCIENCE NEWS

Juill

www.advancedsciencenews.com

high PCE of 20.45% along with improved environmental and
light soaking stability. This work opens new avenues for prepar-
ing high performance ideal bandgap PSCs.
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