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Mixed Dimensional Perovskites Heterostructure for Highly
Efficient and Stable Perovskite Solar Cells

Chuangye Ge, Jian-Fang Lu, Mriganka Singh, Annie Ng, Wei Yu, Haoran Lin,

Soumitra Satapathi,* and Hanlin Hu*

Heterojunctions constructed upon multidimensional perovskites (1D/3D or 2D/
3D) has emerged as an effective approach to improve the photovoltaic perfor-
mance and stability of perovskite solar cells (PSCs). Herein, 1D trimethyl sulfonium
lead triiodide (Me;SPbl;) 1D Me;SPbl; nanoarrays are successfully synthesized via
a two-step method in aqueous condition, which reflects excellent water resistivity
and environmental stability. By incorporating this 1D Me;SPbl; into lead halide 3D
perovskites, heterostructural 1D/3D perovskite photoactive layer with improved
morphology, crystallinity, enhanced photoluminescence lifetime, and reduced
carrier recombination in comparison to its 3D counterpart is obtained. Moreover,
an efficient and stable 1D/3D PSCs with power conversion efficiency (PCE) of
22.06% by using this 1D/3D perovskite are demonstrated. It noticeably maintained

years, the PCE of 3D (3D) perovskite mate-
rials based PSCs has rapidly soared from
3.8% to 25.8%, which is comparable with
that of the state-of-art monocrystalline sili-
con solar cells.®® However, because of
their intrinsic structural characteristics,
3D perovskites still suffer from poor stabil-
ity in ambient conditions, when exposed to
UV light, moisture, heat, and electric field,
which limits the commercialization poten-
tial of the PSCs.”"* To address the long-
term stability issue, 1D perovskites are
emerging as ideal alternatives due to their

97% of their initial efficiency after 1000 h storage under ambient condition
(RH~A250%) without encapsulation. Our study opens up the design protocol for the
development of next-generation highly efficient and stable perovskite solar cells.

1. Introduction

Organic-inorganic hybrid perovskite solar cells (PSCs)
have attracted tremendous attention due to their unique
optoelectronic properties, power conversion efficiency (PCE),
cost-effectiveness, and solution processability.'~*) Within a few

structural diversity, tunable optical proper-
ties, and superior environmental stabil-
ity."*' From the molecular level, the
1D perovskites, are different from the mor-
phological 1D nanowires, nanofibers, and
nanorods.!”) Typically, the [PbX¢]*~ octahe-
dral surrounded by organic cations are cor-
ner-sharing, edge-sharing, or face-sharing to form a 1D
perovskites chain."®®) 1D perovskite show superb stability by
taking the advantage of the improvement of the skeleton strength
attribute to the “shoulder to shoulder” arrangement of
[PbX,]* and the protection of organic cations.*” By incorporat-
ing large organic cations into the 3D perovskite precursor or post-
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processing a thin layer of large cation on top of the 3D perovskite
film, a mixed or layered multidimensional PSCs could be fabri-
cated which are stable and possess has both the environmentally
stable features and promising photovoltaic performance.*'~%*!
However, only a handful of organic cation crystalize into 1D
perovskite structure. Bi et al. employed an aliphatic fluorinated
additive 1,1,1-trifluoro-ethyl ammonium iodide (FEAI) in meth-
ylammonium lead iodide (MAPDI3) perovskite to improve the
environmental stability and PCE of the PSCs.**! Fan et al. intro-
duced 2-(1H-pyrazol-1-yl) pyridine (PZPY) into 3D perovskite
which can not only produce a series of 1D or 1D D" heterojunc-
tions, but also obtain a thermodynamic self-healing ability, and
improve the long-term stability.*”) Liu et al. constructed a lattice-
matched structure by incorporating 1D Pbl,-bipydine (BPy)
perovskite into 3D perovskite to slow down ion migration with
enhanced stability of perovskite film and device.”” Yu et al. dem-
onstrated that the introduction of hydrazinium (HA) into forma-
midinium lead iodide (FAPbI;) perovskite can stabilize the a-
phase FAPDI; by forming 1D/3D hybrid perovskite structure.®!
In the work of Gao et al., thiazole ammonium iodide (TAI) was
applied to form a 1D passivation layer of TAPbI; on the 3D perov-
skite film and the corresponding device displayed higher PCE
and better long-term operational stability as compared to the ref-
erence device.l”” Similarly, Xu et al. employed a 1D PyPbl; (Py:
pyrrolidine) perovskitoid layer on the 3D FAPbIs-based perov-
skite to stabilize the black perovskite phase and enhance the per-
formance of the achieved device.*” Chen’s group introduced a
thin layer of 1D/3D heterostructure by insitu cross-linking of
polymerizable propargylammonium (PA*) to facilitate the inter-
facial charge transport and release the residual tensile strain in
the perovskite films.’"! Very recently, Bi et al. employed 2-dieth-
ylaminoethylchloride hydrochloride (DEAECCI) to prepare a
novel 1D perovskitoid, which can induce the growth of
1D@3D perovskite structure, leading to better crystallinity and
charge transport, and reduced remnant tensile strain in 3D
perovskite film, thereby enhance the PCE and stability of the
devices.”) However, steric hindrance induced by large organic
cation in 1D perovskite leads to poor and anisotropic charge con-
ductivity resulting lower PCE value. Thus, further research is
needed to explore new organic cation leading to 1D perovskite
structure which can be synchronized with 3D perovskite.
Typically, the conventional ammonium based organic cations
are easily decomposed due to the presence of N—H bonds, which
can be further hydrolyzed by water molecules in the air. To address
this stability issue, sulfonium-containing cations, such as including
trimethylsulfonium (Me;S™), trimethylsulfoxonium (Me;S™), and
butyldimethylsulfonium (BDMS™), have been investigated and
these cations display great potential for constructing stable perov-
skite materials and related optoelectronic devices.*” Among them,
it has been demonstrated that Me;SI, a novel sulfur-based cation,
could react with metal halide and form stable 1D perovskites
Me;SBX; in or (Me;S),BX;. Kaltzoglou and co-workers developed
Me;SPbl; and investigated its structural and optoelectronic prop-
erties, which showed high stability under moist air conditions and
up to 200 °C for the first time.*>** Additionally, they also reported
the crystal structure and physical properties of (Me;S),SnX,
(X=Cl, Br, I) compounds as well as the application of
((CH3)3S),Snl, in dye-sensitized solar cells with enhanced perfor-
mance and stability.*"*>3% Afterward, Hu et al. prepared 1D

Sol. RRL 2021, 2100879 2100879 (2 of 8)

www.solar-rrl.com

Me;SPbI; nanorod arrays and employed it for solar cells and photo-
detectors, which exhibited excellent stability over two months
under ambient conditions.*”) Inspired by this, we have synthesized
Me;SPbI; nanoarray and fabricated PSCs device based on this
nanoarray shows, PCE over 2% and good long-term stability, which
is higher than the previously reported 1D perovskites based devi-
ces. Interestingly, after incorporating into 3D perovskites, the het-
erostructure  1D/3D  perovskites  exhibits = prolonged
photoluminescence lifetime and reduced charge recombination
compared with its 3D counterpart. Finally, an efficient and stable
1D/3D device is realized, exhibiting a PCE of 22.06%, and main-
taining 97% of their initial efficiency after 1000 h storage in mois-
ture, illumination, and heat.

2. Results and Discussion

In this work, we successfully synthesized Me;SPbl; nanoarrays
film via a two-step aqueous phase approach for the first time,
where the Pbl, solution was spin-coated on the ITO substrates
and then the substrates were immersed into the Me3SI aqueous
solution (1mgmL™" in DI water) for various time at 60°C,
achieving different nanostructured Me;SPbl; nanoarrays.
These films were characterized by XRD and SEM to study the
reaction mechanism between Me;SI and Pbl,. From the SEM
image in Figure 1a, a layered Pbl, film with some nano-sized
holes are deposited on the ITO, well agreed with the previous
reports.?”*®  After immersing for 1min, an uniform
Me;SPbl; nanoarray is produced by the reaction of Me;SI and
Pbl,, which can be clearly observed from Figure 1b. When we
prolonged the dipping time over 1h, it randomly distributed
some large-size nanoparticles or hexagonal nanorods with length
of several micrometres (Figure 1c,d). All these results indicate a
good chemical stability of the Me;SPbI; against water molecules.
Figure 1le shows the XRD patterns of the Me;SPbl; nanoarrays
films with various soaking time in aqueous solution with contin-
uous heating at 60 °C. For the pure Pbl,, only one main charac-
teristic peak located at 12.6° corresponding to (001) plane.?”
After increasing of the dipping time, the peak of PbI, gradually
weakened while some new peaks were observed at 10.6°, 24.2°,
and 31.2°, corresponding to the (100), (201), and (202) reflections
of 1D Me3SPbI;, indicating the successful formation of hexago-
nal Me;SPbI;. The UV absorption and the steady-state PL spec-
trum are shown in Figure S1, Supporting Information, the
absorption peak ranges from 350 to 700 nm while a broad emis-
sion peak of Me;SPbI; nanorod arrays is observed at about
520nm perovskite with good crystallinity and purity.**%
Meanwhile, we also measured XRD for the sampled prepared
at 25 °C. However, we found that there was still a residual peak
for Pbl, after even 12 h dipping, suggesting a slow formation of
MesSPDbI; nanoarrays as shown in Figure S2, Supporting
Information. In order to study the crystal phase of Me3SPDIs,
we prepared a needle-like 1D perovskite single crystal (SCs)
by following the antisolvent method as reported in our previous
work.*”] The well-defined diffraction peaks (Figure 1f) suggested
a good crystallinity of the obtained Me;SPbl; nanoarrays, which
can be indexed as the hexagonal crystal structure with space
group of P63y (No.186) and lattice constants a =b =9.615 A,
c=7.950A, a=b=90°, c=120°. As shown in Figure 1gh,
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Figure 1. a—e) SEM images and XRD patterns of Pbl, and 1D Me;SPbl; nanoarrays obtained by dipping in Me;SI solution for different time from 0 to
120 min. Photograph of as prepared 1D perovskite of Me3SPbls. f) XRD of Me3;SPbls single crystal. g-h) Crystal structure of Me3;SPbl; from different faces
of 2 x 2 x 2 unit cell generated by the Diamond software with the CCDC file of 1 547 868. (g) (010) view and (h) (100) view. (d) Inset of the SEM images
are the corresponding optical photographs and e-h) the inset of XRD is the photograph of as prepared 1D single crystal of Me;SPbls.

the face-shared [PbIg]*~ octahedral form 1D chains along the ¢
axis while the Me;S™ cations occupy the interstitial sites between
[Pblg]*~ in the 1D chains, which are similar to the yellow and
thermo-dynamically stable 5-FAPbI; phase.*”!

What is more, we also prepared the 1D perovskite thin film in
the organic solution (IPA) of Me;SI, and a uniform and
well-crystallized Me;SPbI; nanoarray (Figure 2a) was deposited
on the ITO substrate, displaying a good out-of-plane orientation
with length around 2-3 pm as shown in Figure 2b. We fabricated
a planar-type PSC with the structure of ITO/SnO,/Me;SPbl;/
spiro-OMeTAD/Au with the as prepared 1D Me;SPbl; nanoar-
rays as absorber. Figure 2c displays the J-V curves with different
scan directions, showing a V.. Js, FF, and PCE of 0.99V,
3.76 mA cm 2, 0.56, and 2.09%, respectively, without hysteresis,
which is higher than some previous reports using pure 1D perov-
skite materials as the sensitizers as summarized in Table S1,
Supporting Information.”) However, low efficiency of
Me;SPbI; based solar cell could be attributed to the rough
and porous nature of the perovskite film and the relatively narrow
absorption range up to around 530 nm compared with other typ-
ical 3D perovskite such as MAPbI; or FAPbI; ***) It was a chal-
lenge for the preparation of an uniform and homogeneous film
due to the large tolerance factor in1D crystal structures?*37)
obtained via two-step solution process. Due to the poor solubility
of Me;SI in the common solvents, such as DMF, DMSO,
or y-butyrolactone, the surface coverage of perovskite film is poor
which results in lower PCE through one-step solution process
method. Meanwhile, according to the theoretical calculation
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the Shockley—Queisser limit, for single-junction Me;SPbIs-based
PSCs, it is possible to achieve a V,, Js, and FF of 1.96V,
8.96mAcm * of and 93.15%, respectively, with a PCE of
16.37%.1*") Therefore, there is a room for improvement of the
performance of Me;SPbls-based PSCs. The corresponding
EQE and integrated J,. (3.76mAcm % are exhibited in
Figure 2d. The device also shows excellent long—term stability
with negligible decrease of photovoltaic performance after
500h storage in ambient condition with 50% RH as shown in
Figure 2e. Furthermore, the XRD results of Figure 2f confirms
that the nanoarrays films show good stability over 50 days under
the same storage condition.

The surface morphology of the 3D and 1D/3D perovskite
was characterizing via scanning electron microscope (SEM),
as shown in Figure 3a—d. It can be revealed that the grain size
of 1D/3D perovskite tends to be smaller than the reference 3D
sample, which is consistent with previously published data.*”~*"
Generally, the metal halide bonds of [PbI]*™ octahedrons in 3D
perovskites could easily break down and produce lower dimen-
sional confined materials including 0D quantum, 1D linear
arrangement, or 2D layered structure through structural reorga-
nization.*"*? The crystal lattice at the junction domains are pos-
sibly distorted and/or rearranged, resulting in the reduction of
the grain size.[*¥ In Figure 3c, 1D nanorods are observed with
vertical orientation and the diameters are several hundreds of
nanometers. The length of this nanorods increased with increas-
ing the addition of Me;SI (Figure 3d). In Figure S3, Supporting
Information, we can clearly see that the 1D nanorods distribute

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 2. a) SEM image top views and b) cross-sectional SEM image of the as-prepared 1D perovskite of Me3SPbls ¢) J-V curves of the 1D perovskite of
Me;SPbls-based device with different scan directions. d) The corresponding EQE and integrated J. and e) long-term stability for Me;SPbls-based device.
f) XRD patterns of the prepared Me;SPbl; film after storage in ambient condition with over 50% RH for different time.

randomly on the surface. Unlike the top-view SEM image,
no clear 1D nanorod crystals can be noticed, which might be
due to limited growth since the steric hindrance among the
3D perovskite grains. To study the moisture stability of the
3D and 1D/3D perovskite film, we also measure the contact angle
as shown in the inset of each SEM image. The results are 63.27°,
80.15°, 90.83°, and 103.70°, indicating a better aprotic property,
which attributes to the hydrophobic nature of Me;SI and also
confirm that the 1D/3D perovskite films have better resistance
to moisture.*"** We compared the XRD patterns of 3D perov-
skite and 1D/3D perovskite in Figure 3e. It can be clearly seen
that the 3D perovskite shows a small characteristic peak of PbI,
(001) at around 12.6° and three peaks at 14.1°, 24.4°, and 28.2°,
corresponding to the (110), (111), and (002) plane of 3D
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perovskite films. After the introduction of MesSI, this small peak
disappeared and another new peak at 10.7° is observed with grad-
ually increasing amount of MesSI, which is obviously different
from the XRD of 3D perovskite films and can be deduced to the
(100) plane of 1D Me;SPbI;, indicating the formation of 1D/3D
perovskite. The UV-vis absorption and the corresponding PL
spectrum for the 3D and 1D/3D perovskite films are displayed
in Figure 3f,g. With the addition of a small amount of MesSI, a
minor blue-shift in comparison to that of the 3D film is observed,
which may be attributed to the stronger quantum confinement in
the presence of the 1D Me;SPbI3.[*! Compared to the 3D film,
the 1D/3D films exhibit more uniform distribution and a higher
PL intensity, which can be attributed to better charge extraction/
transport, suppressed crystal defects, and reduced nonradiative

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 3. a—d) SEM images, ) XRD patterns, f) UV-vis absorption, g) steady-state photoluminescence, and h) time-resolved photoluminescence spectra
of the 1D/3D perovskite films. i) XPS of Pb 4f core-level spectra for perovskite films. j) Dark J-V curves of electron-only devices with the structure of glass/
ITO/SnO,/perovskite/PCBM/Au. Inset of the SEM images are the corresponding water contact angle test results.

recombination.***®! Besides, the emission peak for 1D/3D
films shifted gradually from 793nm (control) to 790nm
(0.2mgmL™"), which can be deduced to a reduced trap density
of the 1D/3D films. In order to confirm PL observation, the
time-resolved photoluminescence (TRPL) measurements were
carried out on glass/perovskite samples with and without 1D
Me;SPbI;. The wavelength of excitation light was 440 nm and
the PL decay is shown in Figure 3h. The lifetime is extracted
by fitting the PL decay with a biexponential function, and sum-
marized in Table S2, Supporting Information. Here, 7; repre-
sents the charge transfer dynamics at the interface, and t, is
related to nonradiative recombination of photogenerated car-
riers.*”! The average decay lifetime increased from 319.80 to
650.70 ns for 3D and 1D/3D perovskite films, respectively, sug-
gesting a reduced nonradiative recombination loss in 1D/3D
films.®*” Our TRPL study confirmed defect passivation in 1D/
3D perovskite films. X-ray photoelectron spectroscopy (XPS)
measurement was carried out to further study the effect of
the introduction of 1D perovskite. As shown in Figure 3i, two
peaks of Pb*" 4f,, and Pb** 4fs, at 138.4 and 143.2eV are
present in the 3D film, respectively. However, for 1D/3D
perovskite films, they are shifted to 138.6 and 143.4eV,
respectively, could be ascribed to the strong electronic

Sol. RRL 2021, 2100879 2100879 (5 of 8)

interactions between Me;SI and Pb*" due to the formation of
Pb—S bond.**? In addition, two small peaks are also observed
at 136.6 and 141.5 eV assigned to the Pb° 47, and Ph° 4fs ), for
3D perovskite films, which are suppressed in 1D/3D perovskite
films. It has been accepted widely that the metallic lead clusters
(Pb®) can form deep defects and trap the free carriers in perov-
skite films, leading to a severe nonradiative recombination and
a deteriorate of device performance and long term stability.®*>*
Thus, the reduced Pb® defect caused by the passivation of 1D
Me;SPbI; are beneficial for the device performance and stabil-
ity. Besides, in contrast to the pure 3D perovskite film, the lower
dimension counterpart owns higher bandgap, leading to a
strong suppression of nonradiative at the boundaries.””!
Moreover, trap-state density of the perovskite film was investi-
gated by the space-charge-limited-current (SCLC) method.
Figure 3j shows the dark J-V characteristics of the electron-only
devices fabricated with the structure of glass/ITO/SnO,/
PCBM/Au. The trap-state density was calculated by the trap-
filled limit voltage using the equation: N, = 2epe,Vrpr/ (qu),
where ¢, is the vacuum permittivity, ¢, is the relative dielectric
constant (¢, =46.9), VgL is the onset voltage of the trap-filled
limit region, q is the elementary charge, and | is the thickness of
perovskite film.”®! The trap state densities are estimated to

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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Figure 4. a) J-V curve for the photovoltaic performance of a 3D and 1D/3D device; Inset shows the cross-sectional SEM image of the device. b) The
corresponding EQE measurement and the integrated Js. of 3D and 1D/3D PSCs; c) The steady-state PCE of the champion 3D and 1D/3D devices;
d) Histogram of the PCE for 3D and 1D/3D device; €) Nyquist plots of the 3D and 1D/3D PSCs; inset: equivalent circuit. f) stability tests of unencapsu-

lated 3D and 1D/3D PSCs under ambient conditions (RH = over 50%).

be 1.32x10"cm™® for the 3D perovskite film and
0.88 x 10'®cm > for 1D/3D film, implying that Me;SI could
effectively diminish electron trap density in the perovskite films
and thus significantly suppress the trap-assisted nonradiative
recombination.

To evaluate photovoltaic performance of the device with and
without 1D Me;SPbI; incorporation, we assembled PSCs with
the structure of ITO/Sn0O,/3D or 1D/3D perovskite/ Spiro-
OMeTAD/Au (as shown in inset of Figure 4a). When the concen-
tration of Me;SI was 0.2 mgmL ™', a maximum PCE of 22.07%
was obtained while the PCE was 20.10% for the 3D counterpart
(Figure 4a), with an enhancement of V,, from 1.09 to 1.14V, J,
from 24.14 to 24.64 mA cm ™2, FF from 76.30% to 78.57%; while
the J-V cure and the photovoltaic parameters with various adding
concentrations of Me3SI was presented in Figure S4 and
Table S3, Supporting Information. Moreover, the champion effi-
ciency is comparable with the published results as shown in
Table S4, Supporting Information. Figure 4b displays the exter-
nal quantum efficiency (EQE) and the integrated current density
for the 3D and 1D/3D perovskite based devices. Meanwhile, the
corresponding integrated photocurrent density (23.24 and
23.56 mA cm™?) from the measured EQE spectra is consistent
with the measured short-circuit current J, value, the discrepancy
is less than by 5%.”° Figure 4c displays the tracking of the max-
imum power point (MPP) for 3D and 1D/3D perovskite-based
devices over 200 s. The stabilized power output (SPO) efficiency
of 19.83% and 21.65% are obtained, in agreement with the J-V
measurement, suggesting good stability of 1D/3D perovskite-
based devices. The histogram of two batches of cells displays
the good reproducibility and also verifies the PCE enhancement
(Figure 4d). To further study the charge transfer kinetics of the

Sol. RRL 2021, 2100879 2100879 (6 of 8)

3D and 1D/3D perovskite-based devices, the electrochemical
impedance spectroscopy (EIS) was performed in the frequency
range from 0.1Hz to 1MHz under dark condition
(Figure 4e). The featured semicircle at low frequency (second
one) and high frequency (first one) could be assigned to the
recombination resistance (R,) in the devices and the charge
transport resistance (R;) at the interfaces between the carrier
(electron or hole) selective layer and the perovskite light absorp-
tion layer, respectively.l*® Compared to the 3D device, the 1D/3D
device present larger R, and lower R;, suggesting higher charge
transfer rate and lower recombination rate and resulting in
higher device performance, which can also explain the higher
Voc of 1D/3D device.’”l Moreover, we also monitored the
long-term stability for the un-encapsulated devices under differ-
sent conditions. As shown in Figure 4f, the devices with
0.2mgmL~" Me;SI addition can maintain 97% of their initial
value of PCE after 1000 h storage under ambient with 50% RH.

3. Conclusion

In summary, we have synthesized a sulfur-based 1D perovskite
Me3SPDI; in aqueous medium and the PSCs fabricated with this
pure 1D Me;SPbI; material exhibited excellent environmental
stability with a PCE of 2.08%. By applying this 1D Me;SPbI; into
traditional 3D perovskite material, we successfully fabricated 1D/
3D heterostructure perovskite layer with remarkably improved
stability. The 1D Me3SPbI; perovskite has passivated 3D perov-
skite surface. The champion device shows a PCE of 22.06%.
Importantly, it can maintain 97 % its initial PCE after storage
under ambient condition with 50% RH for over 1000 h.

© 2021 The Authors. Solar RRL published by Wiley-VCH GmbH
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