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Gradient Doping Strategy for Sn—Pb Mixed Perovskite Solar
Cells with High Efficiency and Stability

Haotian Zhang, Chao Gao, Li He, Dezhao Zhang, Hongzhen Su, Hong Liu, Kadi Zhu,*

and Wenzhong Shen*

Sn—Pb hybrid perovskite has attracted more attention due to its ideal
bandgap and excellent photoelectric properties. However, easy oxidation and
poor crystallinity caused by the introduction of Sn** have become two major
problems. In this study, Sn?* is doped in the Pb-based perovskite to prepare
high crystalline Sn—Pb mixed perovskite with larger grain size by using the
solvent engineering technique and the cooperation optimization with
HCOOH. The reducibility of HCOOH and its inhibition of deprotonation
significantly prevent the oxidation of Sn>* and the decomposition of A-site
cations. The experimental and theoretical results show that the interactions
between HCOOH and Sn?* and Pb?*, which reduce the defect density and
improve the crystallinity and stability of the film with excellent photoelectric
properties. In addition, the compact SnO, prepared by atomic layer
deposition as electronic transformation layer to further improve the stability of
devices. The photoelectric conversion efficiency of the Sn—Pb hybrid
perovskite solar cells (PSCs) prepared by the dopant growth method can reach
21.53% and the stability is significantly better than that of the Sn—Pb PSCs

prepared by the traditional method.

1. Introduction

Organic—inorganic halide perovskite solar cells (PSCs) have de-
veloped rapidly in the past few decades and have attracted exten-
sive attention due to their excellent photoelectric properties such
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as high absorption coefficient and car-
rier diffusion length.['8] The power con-
version efficiency (PCE) has also in-
creased from initial 3.8% to the cur-
rent record of 27.0%.°7111 However, its
potential for commercialization is lim-
ited due to its stability and toxicity.[124]
The stability challenges of Pb-based per-
ovskite are being addressed by virtue of
2D perovskites and improved encapsu-
lation technologies.[*>®] Toxicity can be
solved by non-Pb containing materials in-
stead of traditional Pb-based perovskite
materials, such as Ge, Sb, Bi, and Sn
and other materials are considered to
be promising to replace Pb as new gen-
eration of environmentally friendly and
non-toxic PSCs materials.[217-2) Among
these materials, Sn is regarded as the
most promising material to replace Pb in
perovskite because of their similar ionic
radius and electron configuration.!?!'?2]
Sn—Pb hybrid perovskite has highly
anticipated as a good compromise due to its latent capacity for
both high PCE and stability. The addition of Sn will contribute
to regulate suitable bandgap to achieve 33.7% PCE limit pre-
dicted by Shockley-Queisser (S—Q) theory.*25] Sn—Pb mixed
perovskite can be widely applied to tandem devices since the ad-
justability of its bandgap.[2°28] However, easy oxidation of Sn?*
to Sn**and the uncontrollability of Sn—Pb perovskite film crys-
tallization leads to vacancy defects during film formation, which
constraints the PCE and stability further improvement of Sn—Pb
PSCS.[ZZ,Z‘)—SZ]

In order to solve Sn?* oxidation and poor crystallinity
in Sn—Pb mixed perovskite, series of studies have been
conducted.[**** Excessive Sn powder or SnF, are introduced
into the precursor solution as Sn compensator to provide Sn-
rich environmental compensation and prevent the oxidation of
Sn?*.[353¢] Density functional theory calculations have demon-
strated that the defect density of the film can be reduced because
the formation energy of Sn vacancy (Vg,) will be increased in
a Sn-rich environment.3738] The Sn?* loss caused by oxidation
or intrinsic Vg, formation can be compensated by a compen-
sator. Studies also have shown that Sn** is thermodynamically
stable in acidic medium.?! Acetic Acid can be applied to pro-
vide a weak acid environment and passivate undesired Sn defects
in perovskite films.[*"l Additionally, the employment of SnC,0,,
phenylhydrazine thiocyanate and other antioxidants are also
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Figure 1. a) The operating procedure for the synthesis of Sn—Pb mixed perovskite film. b) Schematic diagram of Sn?*-doped perovskite film process.
c) Top-view SEM images of Pb-based perovskite film and d) Sn—Pb mixed perovskite film at different Snl,+FAI@HCOOCs concentrations.

effective ways to alleviate Sn?* oxidation.[1#3] Although the de-
fects and the oxidation of Sn?* can be prevented by reductive
ions through solvent engineering, the stability improvement is
not satisfactory and the grain size are still significantly smaller
than Pb-based perovskite, which will negatively affect the photo-
electric properties of the films. Therefore, new growth method
of Sn—Pb mixed perovskite with high stability and high PCE
is an important problem to be investigated. HCOOH has been
proven to effectively inhibit the deprotonation of perovskites and
improve the crystallinity of perovskites.*#*>] Our group reported
the growth of highly stable wide-band gap Cs-based perovskites
Dby in situ substitution of A-site ions on Pb-based perovskites us-
ing HCOOCs@HCOOH without damaging morphology of un-
derlying film.[**] Meanwhile, formic acid also has reducing prop-
erties and weak acidity, which contribute to the stability of Sn*
as mentioned before.l*"l These studies provide conditions for de-
velopment of our new growth method to prepare Sn—Pb mixed
perovskite with high crystallization and stability by doping Sn in
place of Pb.

Herein, we report the synthesis of Sn—Pb mixed perovskite
films by in situ gradient doping on Pb-based perovskite with
Snl,+FAI@HCOOH solution. Under the synergistic optimiza-
tion of formic acid, Pb** has been partial replaced by Sn’*, and
Sn—PDb mixed perovskite has been obtained. The excess PbI, re-
acts with FAI to form perovskite and passivate the defect, which
can be proved by series of characterizations. It is worth mention-
ing that because it is doped with the underlying perovskite as the
frame, it retains the integrity of the original Pb-based perovskite
grains and the grains are much higher than those of the Sn—Pb
mixed perovskite films prepared by traditional solution method,
which exhibit better crystallinity and excellent photoelectric prop-
erties. The vacancy defects in perovskite are reduced and the ox-
idation of Sn** is significantly inhibited due to the reducibility
of HCOOH and the inhibition of deprotonation reaction, which
greatly enhances the stability of the devices. The suitable energy
level alignment of doped films can effectively suppress the non-
radiative recombination of carriers and improve the charge trans-
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fer in the devices. The dense SnO, prepared by atomic layer de-
position (ALD) with PCBM as double layer ETL can further im-
prove the stability of the devices. Eventually, the champion device
has a PCE of 21.53%, and the stability remains 85% of the initial
efficiency after 3000 h. In addition, it also has outstanding per-
formance in terms of thermal stability and illumination stability.

2. Result and Discussion

Pb-based perovskite film was prepared by one-step spin-coating
method via an anti-solvent method as underlying film. Then Snl,
and FAI dissolved in formic acid spin coat on the Pb-based per-
ovskite film as shown in Figure 1a. Figure 1b shows that Sn**
will penetrate the underlying layer (MAFA)Pb(I, Br), with the
help of formic acid following partially replaces Pb** to form
Sn—Pb mixed perovskite films (MAFA)(Pb, Sn)(I, Br);. To con-
firm that the substitution process takes place, a series of ex-
periments are applied to the different samples. First, we apply
Snl,+FAI@HCOOH on ITO to confirm whether it generates
perovskite film on the underlying film. Figure S1 (Supporting
Information) displays the X-ray diffraction (XRD) results after
being spin-coated with Snl,+FAI@HCOOH on ITO substrate.
The pattern of the film is the same as ITO, where the difference
of peak intensity is attributed to the difference between ITO sub-
strate. The result indicates that Snl,+ FAI@ HCOOH cannot gen-
erate FASnI; crystalline phase film on the underlying Pb-based
perovskite. Then Snl, solution dissolved in formic acid is em-
ployed directly on the Pb-based perovskite film and an extra peak
appears in Figure S2 (Supporting Information). According the
XRD pattern of Pbl, and Snl, powder in Figure S3 (Support-
ing Information), the extra peak turns out to be PbI, and no
Snl, peak observed in Figure S2 (Supporting Information). More-
over, Figure S2 (Supporting Information) shows the XRD peak
intensity of PbI, will gradually enhance with the increasing of
Snl, solution concentration. Experiments are conducted to ex-
plore the formation mechanism of Pbl,. Figure S4 (Supporting
Information) shows the XRD pattern after HCOOH spin-coated
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on perovskite with no extra peaks. Therefore, the appearance of
Pbl, in Figure S2 (Supporting Information) is affected by Snl,
rather than HCOOH. It is reasonable to deduce that the intro-
duction of Sn** displaces Pb** in perovskite film and produces
additional lead iodide. The (100) peak of perovskite shifts to the
higher degree gradually with the larger concentration, which is
consistent with the case of Sn?* with smaller radius replacing
Pb?*.[21#] This result indicates that Sn>* replaces Pb** in the per-
ovskite lattice. Top-view scanning electron microscope (SEM) im-
ages in Figure S5 (Supporting Information) show that the mor-
phology changes of Pbl, with the increasing concentration so-
lution, which are consistent with XRD results. Adding moder-
ate FAI to Snl, @ HCOOH can appropriately generate FAPDI, to
reduce excess Pbl,, which effectively avoids degeneration of the
film.[*8] As shown in Figure 1c, the SEM image of the underlying
Pb-based perovskite film exhibit excellent crystallinity, however
there are still a few pinholes. The SEM morphology of the under-
lying films treated with Snl,+FAI@HCOOH solution of differ-
ent concentrations shows that Pbl, can be reacted by FAI when
the proportion of Snl,+FAI@HCOOH solution is appropriate
(Figure 1d). The generated FAPDI, can effectively fill the defect
pinholes in the underlying perovskite film, which can improve
the quality of the film. When the concentration is lower, the de-
fects cannot be filled enough to obtain uniform morphology and
the Sn content is not sufficient. While the concentration is too
high, excessive Pbl, will be generated without reacting with FAI
in time. The optimal doping concentration is 0.4 mmol mL™!.
Table S1 (Supporting Information) shows that the device cham-
pion efficiency fabricated by different types of acids tried during
the doping processes under all fabrication conditions. The details
of the fabrication process for device are also demonstrated in Sup-
porting Information. It is demonstrated that the devices using
formic acid for doping process exhibits excellent performance. In
addition, doping time is also an important parameter that affects
the performance of the corresponding thin film devices in Table
S1 (Supporting Information). It is understandable that short dop-
ing time cannot ensure fully doping of Sn’** affecting the de-
vice performance, but the negative effect of long doping time on
the film still needs further investigation. To further understand
Sn—Pb mixed perovskite in longer doping time condition, high
resolution grazing incidence X-ray diffraction (GIXRD) measure-
ment was conducted on the samples with 0.4 mmol mL~! dop-
ing solution concentration and different doping time. Figure S6
(Supporting Information) shows the significant shift of the (100)
peak of Sn—Pb mixed perovskite film relative to Pb-based film,
which is consistent with the previous XRD result. It is worth
noting that the phase separation Sn—Pb mixed film is found in
7s doping time condition, which have two peaks in GIXRD pat-
tern representing Pb-based and Sn-based perovskite respectively.
The interface and defect generated by phase separation could be-
come the recombination centers that reduce the effective carri-
ers collected by the electrode, reducing the device performance.
Although Sn—Pb mixed perovskite without phase separation is
needed, the phenomenon illustrates the formation of Sn-based
perovskite. In addition, the result shows that there is no PbI,
peaks, which is further proved that Pbl, and FAI reacted ade-
quately. Moreover, GIXRD test at different incident angles were
also applied to the 0.4 mmol mL~! doping sample in Figure S7
(Supporting Information), the results showed that the peak posi-
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tion of the sample was larger at smaller angle of incidence, which
indicated that the Sn gradient distribution of the Sn—Pb mixed
perovskite.

To further confirm the distribution of Sn in Sn—Pb mixed
perovskite, time-of-flight secondary ion mass spectroscopy (TOF-
SIMS) was performed on samples with 0.4 mmol mL~! doping
solution concentration. Figure 2a—c show the vertical elements
gradient distribution of the underlying film and doping film. Ar-
gon Gas Cluster Ion Beam (Ar-GCIB) was used for sputtering
process to prevent introducing ions that interfere with the re-
sult. The distribution concentration of Sn?* after modification
is greatly increased and accompanied by certain HCOO™ pene-
tration. The distribution of Sn?* on the surface exhibit obvious
changes and the concentration of Sn—Pb mixed perovskite de-
creases gradually with the enhancement of depth then the Sn**
concentration tends to be uniform when it is still dozens of times
that of the Pb-based film. The vertical distribution of other ele-
ments is shown in Figure S8 (Supporting Information), which
illustrates that there is no other significant difference between
two samples. The element distribution of modified perovskite
film surface is also investigated by energy dispersive spectroscopy
(EDS) mapping in Figure 2d. The results show enrichment of Sn
and relatively uniform mixture of Sn—Pb on the sample. Figure
S9 (Supporting Information) displays the distribution of other el-
ements in the modified sample. In addition, the characterization
of Sn characteristic peaks by X-ray photoelectron spectroscopy
(XPS) in also proves the success of Sn doping (Figure 2e).

To further characterize the crystalline of the film, XRD test is
conducted in the different conditions of preparation of Sn—Pb
mixed perovskite (0.2, 0.4, and 0.6 mmol mL™?). Figure 2f shows
that the (100) peaking intensity with appropriate concentration
(0.4 mmol mL™') exhibit narrower FWHM than the original film,
indicating that Sn?* almost replaces Pb** in the lattice without
any lattice distortion. The generated FAPDI, effectively filled the
pinholes in the film. The presence of HCOO™ effectively inhibits
the anion vacancy defects at the grain boundary and surface of
perovskite films, thus increasing the crystallinity of the films.[*4]
Combined with the TOF-SIMS test, Sn?* distributes uniformly
on the surface of the doping sample with a concentration of
0.4 mmol mL'. As the increase of doping concentration, the gen-
erated Pbl, cannot be completely reacted into perovskite by FAI
and the characteristic peak of Pbl, appears in the XRD pattern,
which is consistent with the results of SEM measurement. In ad-
dition, the peak of (100) shows a significant shift to large degree
when the doping concentration increases, which is attributed to
the smaller radius of Sn**, resulting in lattice shrinkage and in-
crease in diffraction angle (Figure 2g). The similar phenomenon
can be detected in the earlier GIXRD results. The formation of or-
thorhombic yellow phase (§-phase) cannot be found during the
replacement process. The §-phase in perovskite as the trapping
and scattering center would significantly reduce the photoelec-
tric performance of the device and carrier mobility in semicon-
ductor films.[**] This can be attributed to the inhibiting effect of
HCOOH on oxidation of iodide ions and deprotonation of A-site
atoms in perovskite.[*#]

Subsequently, the optical properties of the doping films were
characterized and analyzed to further explore the changes of
doping material. The UV-vis absorption spectra of doping film
in Figure 2h shows significant red shift of absorption edges
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Figure 2. TOF-SIMS depth profiles of a) underlying Pb-based perovskite film and b) doping Sn—Pb perovskite film. c) 3D distribution of Sn/Pb elements
for underlying Pb-based perovskite film (up) and doping Sn—Pb perovskite film (down). d) EDS mapping of Sn, Pb elements of Sn—Pb perovskite film.
e) XPS spectral of samples for the position of Sn characteristic peak. f) XRD pattern of perovskite film. g) (100) peak of perovskite film in XRD pattern.
h) UV-vis absorption spectra of the corresponding samples. i) PL spectra of different films.

relative to the underlying perovskite. The band gap of the un-
derlying film and the doping film is 1.57 and 1.52 eV, respec-
tively, which is due to the narrow band gap characteristics of
Sn—Pb mixed perovskite. The light absorption of the doping
film exhibits higher light utilization efficiency in the wider wave-
length range spectrum (600-900 nm) due to the passivation
modification of HCOO™ (Figure S10, Supporting Information),
which is consistent with crystallinity enhancement in the previ-
ous XRD results. The steady-state photoluminescence (PL) spec-
tra are shown in Figure 2i, the peak shifted from 786 to 816 nm
with the increase of peak strength also indicates the synergistic
effect of doping process and modification passivation. In addi-
tion, PL mapping images in Figure S11 (Supporting Information)
shows that the doping sample has a luminescence intensity many
times stronger than before at the wavelength between 800 and
830 nm. The transfer of luminescence wavelength range indi-
cates that the doping film has changed from Pb-based perovskite
(wide-bandgap) to Sn—Pb mixed perovskite (narrow-bandgap).
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Figure S12 (Supporting Information) shows the time-resolved PL
(TRPL) results for half-devices with underlying and doping per-
ovskite. The doping perovskite film exhibits faster TRPL decay,
implying a stronger carrier extraction capability. To verify the ori-
gin of the better carrier extraction ability, ultraviolet photoelec-
tron spectroscopy (UPS) is performed on the samples. As shown
in Figure S13 (Supporting Information), the maximum valence
band value (VBM) and minimum conduction band value (CBM)
of the sample can be calculated with the optical band gap obtained
by the UV-vis absorption spectrum, and the energy level arrange-
ment diagram in the device can be obtained in Figure S14 (Sup-
porting Information). The Fermi level and CBM are effectively
increased due to doping process and HCOO~ modification on
the crystallinity of the films, which is more conducive to carrier
transport. The result explains the faster TRPL decay in doping
films. In conclusion, all above characterizations of the underly-
ing film and doping film elucidate that Sn—Pb mixed perovskite
films with good crystalline and optical properties are prepared
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Figure 3. a) Schematic illustration for the function of HCOO™ in perovskite films and reaction process. b) Top-view SEM images of normal Sn—Pb and
doping Sn—Pb perovskite film. XPS spectra for Sn 3d c,d) and | 3d e,f) of normal Sn—Pb and doping Sn—Pb perovskite films. g) FTIR spectra of pure
HCOOH, HCOOH +Snl, complex, and HCOOH +Pbl, complex in DMSO.

by HCOOH combination using Pb-based perovskite with good
crystalline properties as the framework.

Compared with the common Sn—Pb mixed perovskite film
prepared by solutions method, the doping Sn—Pb mixed per-
ovskite film (doping perovskite, D-PSK) exhibits better perfor-
mance. Different components films are prepared by spinning-
coat Sn—Pb precursor solutions of different concentrations.!*!
The PL spectra tests on samples of different Sn—Pb propor-
tions, as shown in Figure S15 (Supporting Information), the
(FAPbIL;) g55(MAPDBI3), o5 (FASDIL,), o5 perovskite film (normal
perovskite, N-PSK) is utilized as control sample to compare with
the D-PSK film because of the similar bandgap, demonstrating
the advantages of D-PSK films. The function of HCOO™ in the
perovskite film is illustrated in Figure 3a and each process cor-
responds to the chemical formula on the side. In N-PSK, I~ is
oxidized to I, by oxygen of the air dissolved in the precursor
solution and I~ is further combined with I, to form I,~ (Equa-
tions 1 and 2). FA* and MA™ will be decomposed due to the de-
protonation reaction in (Equations 3 and 4). Oxidation and de-
protonation reactions will cause the imbalance of the proportion
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of atoms in the lattice and promote the formation of § phase.
The oxidation of Sn** (Equation 5) will make a negative im-
pact on device performance. In the D-PSK sample, the reduc-
tion of HCOOH can effectively prevent the oxidation of I~ and
Sn** (Equation 6, 7, 10). While the weak acid environment pro-
vided by HCOOH can significantly inhibit the deprotonation re-
action of FA* and MA™" (Equations 8 and 9), which greatly im-
proves the stability of D-PSK. In addition, large pinholes exist
on N-PSK films due to the uncontrollable crystallization in the
film preparation process and the crystal grains are much smaller
than those of traditional Pb-based perovskite. In contrast, D-
PSK is permeated and doped on the well-grown Pb-based per-
ovskite framework (Figure 3b). Therefore, the grain size can be
retained in the original size. Larger grain size and better crys-
tallinity are conducive to carrier transport and effectively inhibits
the occurrence of non-radiative recombination. XRD measure-
ment in Figure S16 (Supporting Information) of N-PSK and D-
PSK samples shows that the D-PSK sample shows decreased
FWHM values and stronger diffraction intensity compared with
the N-PSK sample. This means better crystallinity of the D-PSK

© 2025 Wiley-VCH GmbH
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sample, which is related to HCOO™ modification and fewer de-
fect in the sample. To further investigate the reductive effect of
HCOO™ on Sn** and 1,/1,~, XPS measurements were conducted
to analyze the characteristic peaks of Sn and I in N-PSK and D-
PSK samples. XPS peak of Sn 3ds;, could be divided into two
sub-peaks as shown in Figure 3c,d, corresponding to Sn** higher
energy peak (487.2 eV) and Sn** lower energy peak (486.5 eV),
respectively.*") According to the peak fitting results, the contents
of Sn** and Sn?* in N-PSK sample are ~27.5% and 72.5%, while
the contents of Sn** and Sn** in D-PSK sample are 6.6% and
93.4%, respectively. The oxidized content of Sn* is significantly
reduced. As shown in Figure 3ef, it can be seen that the content
of I,/1;™ also decreases from 23.9% in N-PSK samples to 5.5% in
D-PSK samples, indicating that HCOO™ prevents the oxidation
process of iodide ions.[**) Furthermore, the XPS measurements
were used to test the ratio of I/Br of N/D-PSK samples to ensure
the reductive effect of HCOOH in Figure S17 (Supporting In-
formation). According the result, the ratio of I/Br in D-PSK was
determined to be 9.17 + 0.36 and 7.25 + 0.54 in N-PSK by XPS
measurements. The substantial iodide deficiency indicates that
I~ ions were oxidized during the crystallization process without
HCOOH in N-PSK film, which illustrate the reductive effect of
HCOOH plays important role during the crystallization process.
Meanwhile, Fourier transform infrared spectroscopy (FTIR) is
used to study the interaction between HCOO~ and Pb** and Sn?*
in perovskite (Figure 3g). In contrast to FTIR spectrum of the
Pbl,/Snl, dissolved in DMSO (Figure S18, Supporting Informa-
tion), the emerging peak at 1700 and 1702 cm™! can be attributed
to O=C—O0, indicating that HCOO™ is successfully doped into
the perovskite. The peaks corresponding to HCOO~ (0O=C—O0)
are shifted in the mixed solution of HCOOH and PbI,/SnI,,
indicating the interaction between C=0 and Sn**/Pb**. As a
Lewis base, C=0 of HCOO- can form coordination bonds with
unpaired Sn**/Pb** and passivate defects through Lewis acid-
base interaction, improving the performance and stability of the
devices.[*”] Besides, the shift of the O=C—O deformation peak
toward a higher wave number means an interaction between
HCOO™ and perovskite. However, Sn** and Pb?** exist simulta-
neously in Sn—Pb mixed perovskite. It is necessary to ensure that
HCOOH can interact with both of them at the same time to pas-
sivate perovskite, instead of losing its passivating effect on the
other atom due to stronger interaction with Sn?* or Pb?*. The in-
dependent gradient model based on Hirshfeld partition (IGMH)
was used to visualize the interactions in the system (Figure S19,
Supporting Information). The result shows that the interaction
strength between HCOOH and Pb?* is similar to Sn**. The more
elaborate interaction energy results based on density functional
theory (DFT) show that the interaction energy of HCOOH with
Pb** is —0.836 eV, while the interaction energy of HCOOH with
Sn?* is —0.844 eV. This indicates that in the Sn—Pb mixed per-
ovskite, both Sn?* and Pb?** can interact with HCOOH to pas-
sivate perovskite, and Sn?* is slightly preferentially passivated.
The details of calculations are provided in theoretical section of
SI. The D-PSK samples modified by HCOOH exhibit better crys-
tallinity and stability than N-PSK samples due to the reducibility
of HCOOH and its interaction with perovskite atoms.

The optical and electrical properties are also significant cri-
teria of the photoelectric materials. The UV-vis spectral in
Figure 4a illustrates that D-PSK film has stronger light absorp-
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tion than N-PSK film. The stronger intensity is detected by PL
spectra in Figure 4b and PL mapping spectral in Figure 4d,e also
illustrate that the overall luminous intensity of D-PSK sample is
obviously stronger than N-PSK, which is attributed to the D-PSK
has better crystallinity and fewer defects. Figure 4c and Figure
S20 (Supporting Information) exhibit TRPL measurement result
of D/N-PSK half devices. The average carrier lifetime (r,,,) of the
N/D-PSK device can be obtained through the double exponen-
tial fitting of the data (Table S2, Supporting Information). The
faster TRPL decay indicates the strong carrier separation ability
at the sample interface and the better crystallinity of perovskite.
The reason for this superior carrier dynamic behavior is further
confirmed by UPS. According to the results of secondary electron
cutoff (E.,.¢) and onset (E ) energies obtained in Figure 4f
the optical band gap (E, = 1.52 eV) calculated in combination
with the ultraviolet absorption spectrum, the VBM of the sam-
ple are —5.25 and —5.21 eV respectively and the CBM are esti-
mated to be —3.73 and —3.69 eV. The energy level arrangement
diagram is in Figure 4g, the E; and CBM of modified perovskite
sample are improved. The enhanced E; and CBM can effectively
reduce the electron transport barrier and inhibit the recombi-
nation loss of interface non-radiation recombination, which can
improve the carrier extraction capability of the corresponding D-
PSK devices. The surface roughness and electric potential of the
samples are characterized by atomic force microscopy (AFM).
Figure 4h,j shows that the root mean square roughness of D-
PSK is 26.75 nm, which is significantly reduced compared with
30.64 nm of N-PSK. This is consistent with the SEM results, in-
dicating that the surface of the modified film is smoother, which
is conducive to the spin-coating and high-quality growth of the
ETL layer in devices. The Kelvin probe force microscopy (KPFM)
measurement is performed in the same region characterized by
AFM in Figure 4ik, indicating that D-PSK has higher electronic
chemical potential (ECP). Moreover, Figure S21 (Supporting In-
formation) shows that D-PSK also has a more uniform potential,
which contribute to better vertical carrier transport performance.
All these characteristics illustrate that the D-PSK sample has bet-
ter photoelectric performance than the traditional N-PSK, which
will significantly improve the light absorption capacity and trans-
port performance of the device.

The p—i-n planar PSCs with a configuration of ITO/MeO-
2PACz/perovskite/PCBM/SnO,/Ag are prepared to further
study the effect of D-PSK samples on the photovoltaic perfor-
mance of corresponding devices. The details of the specific fabri-
cation process and parameters for device are demonstrated in SI.
The cross-section SEM image shows the schematic diagram of
the device structure, where MeO-2PACz/perovskite/PCBM are
all prepared by spin-coating method and silver is prepared by
vacuum coating (Figure 5a). Figure S22 (Supporting Informa-
tion) shows the cross-section SEM image of N-PSK device pre-
pared by solution method and Pb-based perovskite device. It ap-
parently can be seen that the D-PSK device grown by doping
method has fewer defects. It is worth mentioning that SnO, is
prepared by ALD, which can effectively isolate the water and
oxygen from the device. Figure S23 (Supporting Information)
shows that perovskite covered by ALD-SnO, can still main-
tain the black phase in high humidity. Under standard light-
ing conditions (AM 1.5 G), the current-voltage (J-V) charac-
teristics of the device are measured and the PCE of the device

© 2025 Wiley-VCH GmbH
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Figure 4. a) UV-vis absorption spectra and b) PL spectra of different films in normal Sn—Pb and doping Sn—Pb perovskite film. c) TRPL for half of devices
made by N-PSK and D-PSK. d) Top-view confocal microscope and wide-field hyperspectral PL mapping images of d) N-PSK and e) D-PSK samples. Scale
bars, 1 um. f) UPS spectra of N/D-PSK samples. g) Energy-levels alignment of the device. The AFM images and surface potential of KPFM images of

h,i) N-PSK and j,k) D-PSK samples.

corresponding to D-PSK increased from the initial 17.12% to
21.53% with N-PSK (Figure 5b). The N-PSK device has a V.
of 0.91V, Jsc of 25.69 mA cm~ and fill factor (FF) of 73.21%,
while the D-PSK devices has a V¢ of 1.00 V, Js of 26.87 mA
cm~? and FF of 80.13%. The significant enhancement of V,
Jsc, and FF can be attributed to fewer defects, lager grain size,
better crystallinity, and superior photoelectric performance of D-
PSK, which can be proven in previous experiments results.[*] In
addition, the external quantum efficiency (EQE) of D-PSK device
is also significantly higher than that of N-PSK device (Figure 5c¢),
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which can be attributed to the reduction of defects, more suit-
able energy level arrangement enhances carrier extraction and re-
duces non-radiative recombination illustrated in UPS measure-
ments and energy-levels alignment. The results of the dark J-V
curve show that under the condition of negative voltage reverse
bias, the current of D-PSK device is lower than that of N-PSK de-
vice, indicating that the leakage current in PSCs is suppressed,
which means that the defect density in the perovskite film is sig-
nificantly decreased (Figure 5d). In the voltage range of 0.85—
1.50 V the injection current density of D-PSK device is higher
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Figure 5. a) Cross-section SEM image of D-PSK PSCs. b) J-V measurements of N-PSK and D-PSK cells. ¢) EQE and integrated /s of the corresponding
samples. d) Dark J-V measurements of PSCs and e) SCLC result of electron-only device. f) Dependence of V¢ on light intensity. g) Statistical distribution
of PCEs of corresponding devices. h,i) V,. and PCE measurement under continuous illumination.

than that of N-PSK device due to the improved carrier extraction
and charge transfer ability of corresponding devices caused by
more reasonable energy level arrangement in D-PSK. To further
study the effect of D-PSK thin films on the defect state density of
devices, the space charge-limited current (SCLC) method is ap-
plied to electron-only devices (ITO/SnO, /perovskite/PCBM/Ag).
Figure 5e shows that the trap filling limit voltage (V) corre-
sponding of D-PSK is 0.28 V, while the Vi of N-PSK is 0.46 V.
Using the formula Vi = gN,[?/(2¢e,&,) (where q is the charge,
N, is the density of the trap state, L is the thickness of the per-
ovskite film, ¢, is the free space dielectric constant, ¢, is the rela-
tive dielectric constant of perovskite), the calculated electron trap
state density of the N-PSK and D-PSK device is 6.51 x 10%* and
3.96 x 10 cm™3, respectively, which effectively further shows
that fewer defects exist in the D-PSK film consistent to the pre-
vious SEM measurements.l’*>!! To elucidate the carrier recombi-
nation dynamics in PSCs, we provided the relationship between
Voc and light intensity (®) (Figure 5f). The degree of trap-assisted
shockley-reads-hall (SRH) recombination can be reflected by cal-
culating the slope of the equation AV, = nky; TAIn®/q (kg is
the Boltzmann constant and T is the absolute temperature).[>3>4
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While the ideal factor n = 1, bimolecular recombination is domi-
nant, for n = 2 trap-assisted SRH recombination dominates, the
value of n is between 1 and 2.1°*] The experimental results show
that the slope of the N-PSK device is 1.77 k;, T/q after fitting, while
the linear slope of the D-PSK battery is reduced to 1.30 k; T/, in-
dicating that the SRH recombination assisted by the trap of the
D-PSK device is significantly suppressed. The result is consistent
with previous experimental results, which is related to the effec-
tive passivation of the perovskite thin films by HCOOH and the
reduction of defects. Compared with traditional Sn—Pb hybrid
perovskite devices, D-PSK thin films can effectively passivate de-
fects in perovskite thin films, inhibit non-radiative recombina-
tion in PSCs, optimize the crystallinity of perovskite thin films
and improve carrier extraction and charge transport performance
resulting in high V., high FF and ] . In addition, it can be seen
that the champion efficiency of D-PSK devices is significantly
higher than that of N-PSK devices (Figure 5g). In the statistic
test of 50 devices, the PCE of D-PSK devices is generally higher
than that of N-PSK devices and the voltage and current values
of these devices are also shown, which indicates that D-PSK de-
vices have general advantages of reproducible with higher PCE

© 2025 Wiley-VCH GmbH
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Figure 6. Long-term stability performance of three devices a) in ~25 °C and ~80% RH under air atmosphere and b) Light illumination in N, glovebox

and c) thermal stability.

and smaller variance (Figure S24, Supporting Information). To
confirm the energy output performance of the device, we test the
time-dependent PCEs of the PSCs at 12 s intervals under con-
tinuous AM 1.5 G illumination (Figure 5h,i). During the stability
test with a total time length of 20 min every 12 s interval, the PCE
and V,_ output stability of D-PSK device is obviously better than
that of N-PSK device, which can be attributed to fewer defect and
higher stability of D-PSK device.

The serious issue of Sn—Pb hybrid PSCs is poor stability.
Three different type devices (a. D-PSK-1 device: ITO/MeO-
2PACz/D-PSK/PCBM/Sn0, /Ag; b. D-PSK-2 device:ITO/MeO-
2PACz/D-PSK/PCBM/Ag; c. N-PSK device: ITO/MeO-
2PACz/N-PSK/PCBM/Ag;) were constructed to verify the
effects of HCOOH and ALD-SnO, respectively. The device
performance affected by ALD parameter is shown in Figure S25
and Table S1 (Supporting Information). Champion devices were
obtained with condition (TDMASn dose: H,O dose = 100 ms:
20 ms, 80 cycles). In order to more fully evaluate the stability,
different extreme condition tests were applied on the devices.[*
Figure 6a shows the storage of an unencapsulated D-PSK-1
device in an air atmosphere for 3000 h (temperature: ~25 °C,
relative humidity (RH)): ~80%) can still maintain more than
85% of the initial normalized PCE (21.53%), whereas the PCE of
an unsealed N-PSK device can only retain 45% of the initial PCE
(17.12%). D-PSK-2 device can maintain 66%, it can contribute
to the reducing and passivating effect of HCOOH. Figure 6b
illustrates that D-PSK-1 device could maintain 91% under con-
tinuous 1 sun illumination conditions in the N, glovebox, while
the D-PSK-2 and N-PSK device would decay to 86% and 76% of
initial PCE. The same trend is also shown in the test of thermal
stability in Figure 6c. The PCE of D-PSK-2 device would decay
faster in the thermal test than two former tests, which could be
attributed to the decomposition of HCOOH at high tempera-
ture. These results indicate that HCOOH would play the role
of passivation and reduction effect, ALD-SnO, effectively could
diminish water and oxygen damage and effectively prevents the
decomposition of formic acid.’®! Moreover, Figure S26 (Sup-
porting Information) shows the changes of N-PSK and D-PSK
film samples after aging in the air atmosphere, which shows
that N-PSK is decomposed while D-PSK film still maintains the
basic black phase. To further verify significant improvement of
hydrophobic characteristics in D-PSK device, the water contact
angle of different samples is tested in Figure S27 (Supporting
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Information). It can be seen that the contact angle of N-PSK and
D-PSK film are 66 and 86°, which indicates D-PSK film exhibits
more excellent hydrophobic performance than N-PSK. This can
be attributed to the optimized crystal quality of the perovskite
film by HCOOH, improving the hydrophobicity of perovskite
flm 157581

3. Conclusion

In summary, we report a novel gradient doping strategy to pre-
pare stable Sn—Pb mixed perovskite with high crystalline qual-
ity by replacing Pb** in perovskite with Sn?* and doping under
HCOOH coordination. In this strategy, the infiltration of HCOO-
can effectively inhibit the degradation of perovskite due to oxida-
tion and deprotonation reaction. The interaction with Sn?* and
Pb?* can effectively reduce the vacancy defects in perovskite and
improve the stability of the device. The dense SnO, prepared
by ALD further improves the device stability. Through doping
and passivation modification of the material, the charge transfer
capability of the device is improved due to more suitable band
gap and energy level alignment. Eventually, the champion device
we prepared achieved a PCE of 21.53% and V, of 1.00 V with
significantly improved stability in long-term stability tests. This
method provides a novel idea for synthesis of Sn—Pb perovskite
and effectively solves the problem of uncontrollable crystalliza-
tion of Sn—Pb perovskite. On the basis of this strategy, further op-
timization of the underlying Pb-based perovskite can provide the
possibility for further breakthroughs in the efficiency of Sn—Pb
hybrid PSCs.

Supporting Information

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