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Tin—lead (Sn—Pb) mixed perovskite has received widespread attention due to its suitable band gap width
and high optical absorption coefficients. However, the power conversion efficiency (PCE) of Sn—Pb
mixed perovskite solar cells (PSCs) is still low due to the fact that Sn®* could be easily oxidized to Sn**
and an excessively rapid crystallization rate was observed for the Sn—Pb mixed perovskite materials.
Herein, we introduced 2-amino-3-hydroxypyridine (AHPD), which contains a pyridine nitrogen and an
—NH; group in the molecule, as a bidentate anchoring additive in the FAg;MAq 3Pbg sSng sls precursor
solution to improve device performance. Incorporation of AHPD into the FAp7MAg 3sPbgsSngsls precur-
sor solution was found to effectively suppress the Sn?" oxidation and thus the p-doping level defects.
Furthermore, the pyridine nitrogen and the enamine-like —NH, could retard the nucleation and crystal-
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lization rate by forming a coordinating interaction with Pbl,/Snl,, forming compact large-grained films
and also improving the carrier transport by passivation of the grain boundaries. Overall, compared with
the control device (a PCE of 15.72%), an optimized device incorporating 2 mol% AHPD exhibited a PCE
of 19.18% for narrow band gap perovskite solar cells, an increase of nearly 22%, with a high level of
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1. Introduction

Organic-inorganic hybrid lead-based perovskite solar cells
have gained great attention from academia and industry, and
their power conversion efficiency (PCE) has reached 25.7%
recently.'”” However, there are still some issues that need to
be solved for their practical applications. First of all, the toxic
element Pb (Pb*) in lead-based perovskites can easily leak out
and cannot be degraded quickly, resulting in serious environ-
mental pollution and thus limiting large-scale production and
commercial applications. Due to the large band gap of lead-based
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perovskites, the current efficiency is close to the Shockley-
Queisser theoretical limit,® which is a bottleneck for the further
improvement of the PCE of the lead perovskite-based cells.
Recently, Pb-Sn mixed perovskite materials have received exten-
sive attention due to their suitable and tunable band gap (1.2-1.6
eV). Furthermore, compared with the lead perovskites, they
exhibit smaller exciton binding energy and higher charge mobi-
lity, as well as much-improved environmental friendliness.

However, to date, Pb-Sn mixed perovskite solar cells still
show a PCE much lower than that of their lead counterparts.®™*>
In particular, the open circuit voltage (Voc) of the Pb-Sn
perovskite-based solar cells (Pb-Sn PSCs) is significantly
low."®'* The main reason is that Sn®" can be easily oxidized to
sn**, thus forming P-type self-doping.’® On the other hand, the
lower formation energy of Pb-Sn perovskites accelerates the
crystallization rate,"®"” resulting in a large number of fine
grains and even pinholes, which could increase the non-
radiative recombination sites at the perovskite grain interface,
thus leading to a significant V¢ loss and lower PCEs.

In order to address the above issues, different strategies
have been developed (Table S1, ESIT). Alex et al. adopted the
Galvanic Displacement Reaction to reduce the content of Sn**
in the precursor solution, achieving a PCE of about 15% for the
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Pb-Sn PSC with a perovskite material composed of MAPby ¢Sn 415. '
Hayase et al. reported that passivation of the TiO, surface with a
fullerene derivative bearing carboxyl groups introduced between
TiO, and the MAPb, ¢Sn, 413 perovskite layer could reduce the
trap density at the TiO, interface, leading to a PCE of 7.91% (the
original PCE was 5.14%).'® Zong et al. used formamidinium
chloride (FACI) as an additive to effectively slow down the
crystallization rate, which yielded dense and uniform thin films,
resulting in reduced carrier recombination at grain boundaries,
increased Jsc values and a PCE of 15.8%.%° In order to further
suppress the oxidation of Sn>", ascorbic acid, which is known as
a common antioxidant, was doped into the perovskite solution
by Alex et al, leading to an improved PCE value of up to
14.01%.%' SnF, has become a common additive for Pb-Sn
perovskites to create a tin-rich environment that suppresses
the oxidation of Sn®>" and reduces the concentration of Sn**
vacancies.”> However, the Sn(i) additives are usually distributed
nonuniformly, which may deteriorate the morphology of Pb-Sn
perovskite films. Recently, other additives have been explored to
reduce the content of Sn**, such as tin powder,* tea polyphenols,*
caffeic acid,® and so on. In the meantime, numerous studies
revealed that when perovskites are photoexcited, the surface loca-
lized excitons or carriers will transfer to the adsorbed oxygen
molecules, turning them into superoxide (O*") triggering oxidation
of the perovskite and formation of deep-level traps.>* Therefore,
approaches that effectively passivate surface deep trap states are
sought to boost the photovoltaic performance of MAPb, ¢Sn, 413
PSCs. Successful additives will simultaneously yield improved
reproducibility and high PCE for mixed Sn-Pb PSCs.

By virtue of the presence of the electron lone pair on the
pyridine nitrogen, pyridine can coordinate with a metal ion
(Pb**/Sn”"), which can inhibit the formation of Pb/Sn vacancies
and regulate the crystallization process, thereby passivating the
interface defects and reducing the Vo loss for mixed Sn-Pb
PSCs.2*?” The amino moiety -NH, and the hydroxyl unit -OH
have been reported to be able to coordinate with both positively
and negatively charged defects in PSCs.”**° Thus, as an inter-
esting bidentate anchoring coordination molecule, 2-amino-3-
hydroxypyridine (AHPD) bearing pyridine, an enol-like aromatic
hydroxyl moiety and an enamine-like amino moiety could be a
promising additive to coordinate with Pbl,/SnI,/SnF, in the
mixed Sn-Pb PSCs to modulate the process of crystallization,
depress the Sn** oxidation and synchronously passivate the
defects. For the first time, we introduced AHPD as an additive
in the precursor solution for the fabrication of a mixed Sn-Pb
PSC. It was shown that employing AHPD as a coordination
molecule in the precursor solution evidently retarded the oxida-
tion of Sn**, thus suppressing the p-doping level defects and
resulting in improved Voc. Moreover, the introduction of AHPD
effectively slowed down the crystallization rate due to the
coordination between the pyridine unit and the metal ion,
increased the grain size, increased the uniformity of the film
surface, and thus effectively inhibited the density of defect
states. As a result, the device containing AHPD exhibited a top
PCE of 19.18% for narrow band gap perovskite solar cells, which
is about 22% higher than that of the control device without the
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addition of AHPD (15.72% PCE). Furthermore, the reproduci-
bility and stability were significantly enhanced. Thus, the AHPD
molecules could play a dual role in suppressing the Sn**
oxidation in the perovskite precursor solution and synchro-
nously passivating the defects via bidentate anchoring. In addi-
tion, AHPD molecules are widely used in organic synthesis and
photoredox catalysis due to their cheapness and ease of pre-
paration. These findings provide a new direction for the future
development of efficient and stable Pb-Sn perovskite solar cells.

2. Experimental
2.1 Materials

All materials were used as received without further purification,
PEDOT:PSS aqueous solution (Al 4083), formamidinium iodide
(99.99%) (FAI), methylammonium iodide (99.99%) (MAI), Pbl,
(99.999%), bathocuproine (BCP) (>99% sublimed) and C60
were purchased from Xian Polymer Light Technology. SnI,
(99.999%) and SnF, (99%) were purchased from Alfa Aesar.
N,N-di-methyl-formamide (DMF), dimethyl sulfoxide (DMSO),
and chlorobenzene (CB) were obtained from Sigma-Aldrich. 2-
Amino-3-hydroxypyridine (AHPD) and NH,SCN were purchased
from Aladdin.

2.2 Preparation of perovskite precursor solutions

The precursor solution (1.8 M) was prepared in mixed solvents
of DMF and DMSO with a volume ratio of 3:1. And SnF,
(10 mol% relative to Snl,) was added to the precursor solution.
The precursor solution was stirred at room temperature for 3 h.
For the AHPD solution, AHPD powder (1-3 mol% with respect
to Pbl, and Snl,) was directly added to the precursor solution. The
precursor solution was filtered through a 0.22 pm polytetrafluoro-
ethylene (PTFE) membrane before making the perovskite films.
The detailed steps of device fabrication are presented in the ESL{

3. Results and discussion

3.1 Characterization of the AHPD and AHPD-incorporated
perovskite films

We introduced AHPD into the FA, ;MA, 3Pbg 5Sn, 513 perovskite
precursor solution containing SnF, and investigated how the
additive would influence the perovskite film quality and the
device’s photovoltaic performance. The one-step spin-coating
method was employed to obtain the perovskite layer, which was
annealed at 100 °C for 10 min, leading to uniform perovskite
films. We referred to the films and devices processed from the
precursor solution without and with the AHPD additives as the
control and the AHPD-incorporated samples (Fig. 1a).

As shown in Fig. 1a, the unshared electron lone pair on the
pyridine nitrogen atom of AHPD could coordinate with the
metal elements in the perovskite precursor solution (for example,
Pbl,, Snl, and SnF,), playing a role in suppressing the oxidation
process of Sn*" to Sn*". It is expected that the introduction of
AHPD into the precursor solution could slow down the crystal-
lization process and thus lead to more uniform films.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d2tc04000j

Published on 23 November 2022. Downloaded on 10.02.26 22:52:08.

Journal of Materials Chemistry C

MA/FA @Ph'Sn* <1 eF a

(a)

(c) -

-

Intensity (a.u.)

L A A a s

10

20 30
2Theta (degree)

View Article Online

Paper

(b)
-

@ Catom
@ Natom
@® O atom
- & Hatom

>

5002 I c—

Fig. 1 (a) Schematic illustration of the interaction between perovskites and AHPD, and the effect of AHPD on the microstructure evolution of the films.
(b) Theoretically calculated ESP of AHPD. Electron-rich and -deficient regions are presented with red and blue colors in the ESP map, respectively.
(c) XRD patterns of control films and the AHPD-incorporated films. Top-view SEM images of the films without (d) and with AHPD (e).

Furthermore, the pyridine nitrogen, -OH and the enamine-like
-NH, of AHPD were expected to provide a means to passivate
the electron-accepting (for example, halide vacancy, under-
coordinated Pb>'/Sn*") defects on the grain surfaces (Fig. 1a).

Fig. 1b illustrates the electrostatic potential maps used to
identify the charge distributions of the AHPD molecule. By
convention, red areas represent negative potential regions with
high electron densities, which are relatively easy to donate
electrons to a metal center. As can be observed, the pyridine
nitrogen exhibits the largest negative potential (red), indicating
that the pyridine nitrogen can be effectively used as a Lewis base
to coordinate with Pb>" or Sn>", which is conducive to improving
the crystallinity of perovskites.*'* Furthermore, to verify the
interaction between Pb®‘/Sn** and AHPD, we obtained the
'H NMR spectra of AHPD dissolved in DMSO-d in the absence
or presence of Pbl, (Fig. S1a, ESIt). Evident up-field shifts for
aromatic proton signals in AHPD in the presence of Pbl, were
observed, compared to those in the absence of Pbl,. This was
mainly ascribed to the strong coordinating interactions between
the pyridine nitrogen and the Pb*>" ions, which led to the
redistribution of the electron density along the molecular back-
bone. And the shifts for aromatic proton signals in AHPD in the
presence of SnF, (Fig. S1b, ESIT) revealed that the complex
between AHPD and SnF, was formed, which can effectively
suppress the oxidation of Sn** similar to the results reported
previously in the literature.**

The Fourier transform infrared spectroscopy (FTIR) was
further performed on the perovskite powder without/with the
AHPD additives introduced to investigate the interactions
between AHPD and the perovskite materials (Fig. S2, ESIT).
With the presence of AHPD in the Pb-Sn perovskite materials,

This journal is © The Royal Society of Chemistry 2023

it was shown that the characteristic C=N stretching vibration
originally appeared at 1580 cm ' blue-shifted to the lower
wavenumber (1537 cm™ '), indicating a strong interaction
occurred between the pyridine nitrogen and the Pb**/Sn*" metal
iOn.35_37

Interestingly, it was found that the perovskite film without
AHPD turned brown immediately after spin coating, which indicated
the formation of perovskite nuclei (brown nuclei would gradually
grow into complete perovskite grains). In contrast, the color change
of the perovskite films obtained from the precursor solution with
AHPD was much slower after spin coating (Fig. S3a, ESIT). Fig. S3b
(ESIt) shows the photographs of FA,;MA,sPb,sSngsl; films with
and without AHPD incorporated after annealing at 100 °C, which
demonstrated the retarded crystallization of perovskites when
AHPD was present. These results suggested that the addition of
AHPD in the precursor solution could significantly retard the
nucleation rate, which was slower than the crystal growth rate,
facilitating the growth of large grains for the smooth and
pinhole-free perovskite films.

In order to further explore how AHPD influenced the crystal-
lization of the perovskite materials, XRD measurements were
conducted on the perovskite films with and without AHPD (Fig.
S4, ESIT). As shown in Fig. 1c, the XRD images of the films with
and without AHPD showed two obvious peaks at 14.1° and 28.5°
corresponding to the (100) and (200) planes in the tetragonal
I4cm space group, which is in accord with results reported in
the literature.’®*® It can be seen that the peak intensity of the
films containing AHPD was obviously enhanced, indicating
that the introduction of AHPD enhanced the crystallinity of
the films. Besides, no characteristic diffraction peaks of 2D
perovskite were observed for AHPD-incorporated films, which
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indicated that the AHPD molecules were located on the crystal
surfaces instead of being inserted into the crystal lattice of the
perovskites.*’

We further investigated the effect of AHPD additives on the
morphology of perovskite thin films using a field-emission
scanning electron microscope (SEM). The surface morphology
of the perovskite film (Fig. 1d and e) and the cross-sectional
image of the device (Fig. S5a, ESIt) were obtained. It is clear
that the surface of the control film showed a large number of
fine grains without complete growth, where defects can be
easily formed. With AHPD introduced, the grain size of the
perovskite film was significantly enlarged (from 430 nm to
520 nm, Fig. S5b-d, ESI}), and the film became more compact.
The increased grain size and the more compact perovskite films
were expected to be able to reduce the recombination rate at the
grain boundary and interface of the perovskite film and pro-
mote the device’s performance.

Atomic force microscopy (AFM) and Kelvin probe force
microscopy (KPFM) were used to detect the surface roughness
and potential difference of perovskite films. Fig. 2a and b show
that the root mean square (RMS) of roughness for the perovskite
films without/with the AHPD additives changed from 16.5 nm to
9.89 nm, indicating that the surface became smoother due to
the decreased crystal growth rate by the addition of AHPD. High-
quality films could improve the interfacial contact between the
perovskite materials and the PCBM electron-transporting layer
(ETL), which would effectively reduce the density of defect states
and be favorable for charge transfer. The mean contact potential
difference (CPD) of the AHPD-incorporated film was found to be
—139 mV, lower than that of the control film (—74 mvV) (Fig. 2d
and e), which indicated that the addition of AHPD effectively

0.0 8: Potential 10w

LU 8: Potential 10w
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suppressed the formation of the unnecessary p-type doping.**™*>
To better visualize this concept, the linear profile of the CPD
value is shown in Fig. 2f. It was shown that compared with the
control film in the whole region, the signal of the AHPD-
incorporated film is more uniform. This result confirmed that
the addition of AHPD lead to the passivation of defects on the
top of the film surfaces and at grain boundaries, both of which
would be favorable for the improvement of the device’s
performance.

We next examined the contact angle between the perovskite
precursor solution and the substrate (Fig. S6, ESIT). We found
that the contact angle 0 increased from 14.08° to 17.80° after
the incorporation of AHPD in the perovskite precursor solution.
According to the classical free energy diagram of heterogeneous
nucleation and the LaMer model,** ** large 0 resulted from the
enhanced heterogeneous nucleation barrier, which slowed
down the crystallization process and led to the increased grain
size. These results could also further clarify the origin of the
smoother perovskite film formed with the introduction of the
AHPD additives.

3.2 The role of AHPD in suppressing Sn>* oxidation

To evaluate the role played by AHPD in suppressing the oxida-
tion of Sn*" to Sn*", we compared the color change of the
perovskite precursor solutions in air with/without the presence
of AHPD. Fig. 2¢ showed that both precursor solutions (both
with SnF, added) exhibited a light-yellow color initially. For the
control (without AHPD), it can be observed that the solution
turned dark red (the color of Sn** solution) after 120 min,
whereas the solution with AHPD almost remained the initial
yellow color. These results demonstrated the potential of using

(c)
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(f) —— With AHPD)
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CPD mean=-74 mV,
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Fig. 2 AFM images of control films (a) and films with AHPD (b). (c) Photographs of the perovskite precursor solutions without (marked as “1”) and with
AHPD (marked as “2") present in ambient air. KPFM images of control films (d) and AHPD films (e). (f) CPD linear spectra of control films and AHPD-

involved films.
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AHPD to retard the oxidation of Sn*" in the precursor solution.
We believed that the coordinating interaction between the basic
nitrogen atom in the pyridine unit of AHPD and Sn** could play
a role in stabilizing the Sn®" ions and thus suppressing the
oxidation of Sn** to Sn*', thereby reducing p-type self-doping,
which further validated the results obtained in the above-
mentioned CPD.

The chemical valence state of Sn elements and the inter-
action between Pb/Sn element and AHPD on the perovskite
surface was further investigated by XPS measurements (Fig. 3a
and b). For the pristine FA,;MA,3;Pb,sSn,sl; film in the
absence of AHPD, Sn 3d;, and Sn 3ds/, peaks were located at
495.1 and 486.6 eV, respectively. The detailed deconvolution of
these two peaks is associated with Sn** (487.3 and 495.7 eV) and
Sn** (486.6 and 495.0 eV). It was calculated that Sn** and Sn**
accounted for 55.48% and 44.52%, respectively, of the Sn
element in the control film. After the introduction of AHPD,
it was observed that the Sn*" proportion decreased to 34.44%,
while the Sn** increased to 65.56%, implying that the presence
of AHPD significantly suppressed the oxidation of Sn** to Sn**
during the film-forming process.

Interestingly, with the incorporation of AHPD, the Sn 3d
signals shifted to higher BEs of 495.5 eV and 487.1 eV. Further-
more, Pb 4f signals for the AHPD-involved FA, ;MA, ;Pbg 5Sn 513
also shifted to higher BEs (138.54 and 143.41 eV) compared to
those for the Pb-Sn mixed perovskite with no AHPD added
(138.33 and 143.20 eV), as shown in Fig. 3c. These results
suggested that the passivating interaction occurred between
AHPD and the undercoordinated Pb**/Sn** ions on the perovskite
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surface. Furthermore, it was observed that the I 3d;/, and I 3ds,
(Fig. 3d) signals for the AHPD-incorporated perovskite films also
moved to higher BEs. This transformation may be related to the
disturbance of the static interaction between Pb*/Sn>*" and I~ at
the interface caused by the coordination effect of AHPD on Pb**/
Sn>". Overall, it is clearly shown that the coordinating interaction
between AHPD and Pb*/Sn*" occurred, which could effectively
passivate the defects present at the grain boundary and on the
surface of the AHPD-incorporated FA,;MA3Pb5Sn,sI; film. On
the other hand, inhibition of the Sn*" formation via the antioxidant
role played by AHPD could also effectively reduce the trap density.

3.3 Photovoltaic performance and device stability

We then fabricated inverted p-i-n mixed Pb-Sn PSCs with
an architecture of indium tin oxide (ITO)/poly(3,4-ethylene-
dioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)/perovskite/
C60/bathocuproine (BCP)/Ag (Fig. S7, ESIf). We examined the
influence of the AHPD additive at different concentrations from 1
to 3 mol% on the photovoltaic performance, as shown in Fig. S8
and Table S2 (ESIt). Notably, the device with 2 mol% AHPD
achieved the highest PCE. As shown in Fig. 4a, the best (average)
control device with an active area of 0.0625 cm” showed a PCE
of 15.72% (15.05%), an open-circuit voltage (Voc) of 0.6907
(0.6761) V, a short circuit current density (Jsc) of 30.68
(30.08) mA cm > and a fill factor (FF) of 74.18% (74.16%).
Encouragingly, it was shown that after the incorporation of
2 mol% AHPD as additives, the target device achieved a much
higher PCE of 19.18% (18.78%), with a V¢ of 0.8075 (0.7996) V, a
Jsc of 30.03 (30.06) mA cm™ 2, and a FF of 79.10% (78.16%).
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Fig. 3 Sn 3d XPS spectra of control films (a) and films with AHPD (b). (c) Pb 4f XPS spectra of control films and films with AHPD. (d) | 3d XPS spectra of
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corresponding integrated Jsc curves.

Moreover, to verify the universality of this additive, we added it
into MAPb, ,Sn, 4I; devices, which is another common tin-lead
mixed perovskite structure, and attained one of the best PCE
(14.62%) for MA-based narrow band gap perovskite solar cells,
which is increased by nearly 34% compared to the control
(10.92%). It can be observed from Fig. 4b, ¢ and Fig. S9-S11
(ESIt) that compared with that of the control device, the
improved PCE of the AHPD-incorporated devices could be attrib-
uted to the enhancement of all the photovoltaic parameters,
especially Voc and FF values, which should be ascribed to the
presence of the AHPD additives favoring the better interface
contact, inhibition of the p-doping level defects and passivation
of perovskite defects. The integrated Jsc value of the control
device was found to be 28.52 mA em ™ and that of the device
incorporated with 2 mol% AHPD was 28.68 mA cm > (Fig. 4d),
which matched well with the values obtained from the J-V curves
(< 5% discrepancy).*>*® Both the control and AHPD-incorporated
devices show a broad spectrum response from UV 300 nm to
NIR 1100 nm, which was attributed to the narrow bandgap of
FAy,MA, 3Pbo 5Sng513. It was also shown that the Jsc values
obtained for the AHPD-incorporated device were greater over
the spectral range of 800-900 nm compared to that for the
control device, suggesting that the AHPD-incorporated devices
exhibited improved charge collection and extraction capabilities.
The stable output of photocurrent densities and the steady-state
PCEs was measured at the maximum power point for the control
and 2 mol% AHPD-incorporated devices, respectively. As
displayed in Fig. S12 (ESIt), the AHPD-incorporated and control
PSCs exhibited a stabilized PCE of 17.99% and 14.93%, respec-
tively. To demonstrate the reproducibility of the devices, the
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statistical photovoltaic parameters for 15 devices are shown in
Fig. S9 (ESIf). For the devices incorporated with AHPD at
different concentrations, the PCE improved from 15.05 =+
0.62% to 18.78 £ 0.36%. In addition, we also test the long-term
operational stability of the unencapsulated PSCs by exposing
devices to ambient air at 20 + 5 °C and 30 + 5% RH for 350 h,
shown in Fig. S14 (ESIt). Compared with the control device can
only retain 22.5% of the initial PCE after 110 h. The PSC treated
with AHPD can retain 47% of the initial PCE after 350 h.

3.4 Band structure of AHPD-incorporated perovskite films

Fig. 5a exhibits the light absorption spectra of the FA,,MA, ;-
Pb, 5Sn, 513 perovskite films without any additives and with 2 mol%
AHPD. According to the absorption edges, the incorporation of
AHPD slightly increased the bandgap of FA, ;MA, sPby 5Sn 513 (with-
out AHPD) from 1.260 eV to 1.262 eV. The absorption spectra of
the FAy,MA,;PbgsSngsI; perovskite films incorporated with
AHPD at different concentrations are shown in Fig. S15a (ESIt).
There is no distinct difference among the control and the AHPD-
incorporated perovskite films in absorption spectra, suggesting
that the incorporation of AHPD does not influence the major
crystal structure of perovskites. The perovskite films without
AHPD (control film) and with 2% AHPD were then characterized
by ultraviolet photoelectron spectroscopy (UPS) measurements
(Fig. S15b, ESIf). In UPS analysis, the valence band position
(Evg) of the film can be estimated by the equation Eyg = WF +
VBM, where WF and VBM represent the work function and
valence band maximum of the perovskite film, respectively, and
WF is derived from the cutoff energy (Ecuorr) by WF = 21.22 eV —

Eeutot.. From the secondary electron cut-off of both films

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Tauc plot of the control and AHPD incorporated perovskite. (b and c) Ultraviolet photoelectron spectra (UPS) of control films and AHPH films.
(d) PL spectra of control films and AHPD films were deposited on bare glass substrates. SCLC characteristics of only hole devices (e) and only electron

devices (f).

(Fig. 5¢), the work function (WF) was derived to be 4.86 eV for
the control film and 4.69 eV for the AHPD-incorporated film.
This WF shift indicates that the AHPD-incorporated films
exhibited more n-type characteristics, which was probably due
to the reduction of Sn*" to Sn**. Also, fitting the valence band
spectra of the control and AHPD-incorporated films in Fig. 5b,
resulted in a VBM of 0.58 eV and 0.66 eV, respectively. By
combining these band energy position results, we could calculate
that Eyp of the control and the AHPD-incorporated films are 5.44
eV and 5.35 eV, respectively. Then, we obtained the energy level
alignment between the perovskite and other transport layers,"” as
shown in Fig. S14c (ESIf). We can observe that Eyg of AHPD-
incorporated films was elevated, which was closer to the occupied
molecular orbital (HOMO) of the PEDOT:PSS in our work. This
band alignment can facilitate effective hole injection from the
perovskite into the top electrode. Moreover, the AHPD-
incorporated film with a much higher conduction band position
could act as an efficient electron-blocking layer, a characteristic
that could therefore suppress carrier recombination.

3.5 Charge recombination and dynamics

Furthermore, the steady-state photoluminescence (PL) measure-
ment was carried out for perovskite films without/with AHPD
incorporated, which were deposited on the bare glass (Fig. 5d).
The slight blue shift of the PL peak position (from 1003 without
AHPD to 1015 nm with AHPD added) can be observed, indicat-
ing a slightly enlarged band gap, which was in accord with the
results obtained from the absorption spectra. The enlarged
band gap could be beneficial for the improvement of V.
Compared to the control film, significant PL enhancement
occurred for the AHPD-incorporated perovskite film, indicating
that the nonradiative recombination defects on the surface of

This journal is © The Royal Society of Chemistry 2023

the film were suppressed due to the AHPD-induced improve-
ment of perovskite crystallinity and optimization of film
morphology.**°

To further evaluate the trap density (11qap) across the perovskite
films, we measured the space charge limited current (SCLC) on
hole-only devices of FTO/PEDOT:PSS/FA,;MA, 3Pb, 5Sn, sl (with
or without AHPD added)/spiro-OMeTAD/Ag under dark conditions
(Fig. 5e and f). The dark I-V curves consist of three regions,
including the ohmic region, the trap-filled limited (TFL) region
and the trap-free SCLC region. In the ohmic region, the current
shows linear relation to a bias voltage, and then it increases
abruptly when the bias voltage exceeds the kink point, indicat-
ing the complete filling of trap states. The voltage at the kink
point denotes the trap-filled limit voltage (Vrgy), given by

2
e ntrapL

VrrL = ey where 7, is the trap density, e represents

the electron charge, L is the thickness of the perovskite film, ¢,
stands for the vacuum permittivity and ¢ is the relative dielectric
constant of the perovskite. The Vim, value of the pristine
FA,-MA, ;Pb, sSn,sI; device was found to be 0.72 V, corres-
ponding to a trap density of 1.4 x 10" cm ™% whereas, the Vip
value was reduced to 0.40 V in the presence of the AHPD additive,
leading to a lower trap density of 7.8 x 10" cm>. Similarly, the
electron trap densities are measured to be 7.1 x 10** (Vg = 0.36 V)
and 6.6 x 10"* (Vg = 0.34 V) em ™ (Fig. 5e and f) for devices with
the structure FTO/SnO,/FA,;MA, ;PbysSn, sI;/PCBM/Ag. This
result indicated that the incorporation of AHPD could significantly
reduce the hole trap density caused by Sn** oxidation, reduce the
nonradiative recombination loss and improve the device perfor-
mance, which was consistent with the PL results.
Electrochemical impedance spectroscopy (EIS) measure-
ments were carried out to further understand the mechanisms
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for the charge recombination and dynamics of the perovskite
films and the corresponding devices. By fitting the EIS spectra
at applied biases (0.45 V) under dark conditions, the evolution
of resistance can be obtained (Fig. S16, ESIt). The corres-
ponding equivalent circuit for fitting the curves is shown in
the inset of Fig. S16 (ESIt), where R; is the series resistance, R,
is the recombination resistance, and Cpp; is the chemical
capacitance. All the PSCs exhibited the main semicircle at low
frequency, which could be attributed to R; and Cpg;. The fitted
R; values for the AHPD-incorporated device were much lower
than the control device. According to the previous literature,>'>*
under low applied bias conditions, R; was dominated by the
charge transport of the perovskite film. We thus can conclude
that the device with AHPD additives exhibited a better contact at
the interface between the FA,;MA, ;Pb, sSn, sI; layer and the
Ceo ETL, resulting in the improved Jsc, Voc and FF for the AHPD-
incorporated device as shown in Fig. 4a.

4. Conclusion

In summary, an effective additive AHPD was evaluated for the
enhancement of Sn-Pb PSCs performance for the first time. It
was shown that the incorporation of AHPD, which bears an effective
pyridine in the molecule, in the FA,;MA, ;Pb,5Sn,sI; precursor
solution could effectively suppress the Sn>* oxidation and thus the
p-doping level defects, resulting in the improved Voc. Furthermore,
the pyridine nitrogen and the enamine-like -NH, could retard the
nucleation and crystallization rate by forming a coordinating inter-
action with PbL,/Snl,, resulting in forming large-grain film without
pinholes. Moreover, the pyridine nitrogen, -OH and the enamine-
like -NH,, also could passivate perovskite surface defects through
the coordination with Pb**/Sn>" ions. We also noticed that the large
band gap of AHPD-incorporated film facilitated effective hole injec-
tion from the perovskite into the PEDOT:PSS layer, while the higher
conduction band position could prohibit the transfer of both
electrons and holes from the FA,;MA, ;Pb,sSn,sI; perovskite to
the C60 layer. Moreover, the enhancement of hole mobility was
noticed, which led to faster charge transfer at the perovskite and
charge transport layer interfaces. As a result, the device with AHPD
introduced exhibited a top PCE of 19.18% for narrow band gap
perovskite solar cells, which is about 22% higher than that of the
control device without the addition of AHPD (15.72% PCE). More-
over, the device with AHPD introduced exhibited a top PCE of
14.62% (Table S1, ESIt) for MA-based narrow band gap perovskite
solar cells and with high reproducibility. Moreover, the device
stability is also enhanced. This work provides a comprehensive
understanding of the AHPD additive for use in the mixed Sn-Pb
PSCs to modulate the process of crystallization and depress the Sn>*
oxidation and paves the way for realizing high performance narrow
bandgap Sn-Pb PSCs in the future.
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