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ABSTRACT: Perovskite solar cells (PSCs) have emerged as a cost-effective solar of-b-- o]
technology in the past years. PSCs by three-dimensional hybrid inorganic—organic !

perovskites exhibited decent power conversion efficiencies (PCEs); however, their !
stabilities were poor. On the other hand, PSCs by all-inorganic perovskites indeed
exhibited good stability, but their PCEs were low. Here, the development of novel all-
inorganic perovskites CsPbI,Br:xNd**, where Pb** at the B-site is partially
heterovalently substituted by Nd*', is reported. The CsPbLBr:xNd** thin films
possess enlarged crystal sizes, enhanced charge carrier mobilities, and superior
crystallinity. Thus, the PSCs by the CsPbL,Br:xNd>* thin films exhibit more than 20% ! )
enhanced PCEs and dramatically boosted stability compared to those based on —:—c_s(;st:;fnr::ji_isps
pristine CsPbL,Br thin films. To further boost the device performance of PSCs, f, Py PPy ——— p T2
solution-processed 4-lithium styrenesulfonic acid/styrene copolymer (LiSPS) is Voltage (V)

utilized to passivate the surface defect and suppress surface charge carrier

recombination. The PSCs based on the CsPbl,Br:xNd**/LiSPS bilayer thin film possess reduced charge extraction lifetime and
suppressed charge carrier recombination, resulting in 14% enhanced PCEs and significantly boosted stability compared to those
without incorporation of the LiSPS interface passivation layer. All these results indicate that we developed a facile way to approach
high-performance PSCs by all-inorganic perovskites.
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Bl INTRODUCTION

Perovskite solar cells (PSCs) have drawn great attention in the
past years due to the superior optoelectronic properties of
perovskites and the feasibility of high-throughput manufactur-
ing PSCs.'~” The PSCs based on the three-dimensional (3D)
hybrid inorganic—organic perovskites with over 25% power
conversion efficiencies (PCEs) have been reported.” However,
organic cations used to generate hybrid inorganic—organic

of 18.22%, where the PSCs was fabricated by CsPbl Br;_,/LiF
bilayer thin film.*®

On the other hand, the studies demonstrated that partially
substituted the B-site Pb** by other metal cations within
perovskites could refine crystallization, stabilize crystal phases,
tune dimensionality, and modify optoelectronic properties of
perovskites.” 73> We reported novel perovskites,
MAPb,_,Co,]l; (where MA = CH;NH,", and x = 0.1, 0.2,
and 0.4 mol %), with tuned crystal structure (cubic rather than
tetragonal) and boosted electrical conductivities.’** We
further demonstrated that the PSCs based on the
MAPb;4Coy;I; thin film exhibited a short-circuit current
(Jsc) of 24.42 mA/cm?, an open-circuit voltage (Vo) of 1.07

perovskites are sensitive to moisture and oxygen. Thus, the
PSCs based on 3D perovskites exhibited poor stability.”'" To
boost the stability of PSCs, all-inorganic-based perovskites,
where the organic cations were substituted by monovalent

metal cations, such as Cs* and K*, were developed.'' ™"’
Compared to those of hybrid inorganic—organic perovskites,
all-inorganic-based perovskites possess relatively wide optical
bandgaps, resulting in poor photovoltaic properties.'”'*™** In
addition, in all-inorganic-based perovskites, the cubic structure
can be transferred to the orthorhombic structure quickly at a
low temperature, resulting in even worse photovoltaic
properties.'”'>'® Great efforts have been paid to address
these problems.'”**~*" A PCE of 13.3% from the PSCs based
on the phase-stabilized CsPbI,Br has been reported by Mai et
al.”® Recently, the You group demonstrated PSCs with a PCE

© 2022 American Chemical Society
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V, and a fill factor (FF) of 82.0%, with a corresponding PCE of
21.43%, which is about 22% enhancement compared to those
based on pristine MAPbI, thin film.>' Furthermore, studies
illustrated that rare earth cations (RE**) can reduce impurity
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Figure 1. XPS spectra of (a) Cs 3d, (b) Pb 4f, (c) I 3d, and (d) Br 3d in pristine CsPbL,Br and the CsPbI,Br:xNd** (x = 1, 2, S mol %) thin films.

phases, eliminate deep defects, hamper chemical fluctuation,
and improve film quality of the resultant RE*'-doped
materials.”> ™" RE materials also possess great potential in
optoelectronic applications owing to their unique physical
properties.*”*' For example, the Er- and Yb-doped NaYF,
phosphors have been widely investigated in inorganic solar
cells due to their unique up-conversion function to defeat the
Shockley—Queisser limit for photovoltaic energy conversion
efficiency.” Therefore, the heterovalent substitution of Pb**
with Nd*" is anticipated to tune the vacancies at the B-site
within perovskites by utilizing the low-lying 4f orbitals to boost
the optoelectronic properties of the inorganic-based perov-
skites."”** Toward this end, we have utilized Nd** to partially
substitute Pb** for generating novel hybrid inorganic—organic
perovskites, MAPbI;:xNd** (where x = 0.1, 0.5, 1.0, and 5.0
mol %) and found the resultant perovskites possessed both
enhanced and balanced charge transport.é’32 Moreover, the
PSCs based on the MAPbI,:xNd>* thin films exhibited a PCE
of 21.15% and dramatically suppressed photocurrent hyste-
resis.”*

In this study, we report the development of novel all-
inorganic perovskites, CsPb,Br:xNd**, where Pb** at the B-
site is partially substituted by Nd**. The CsPbI,Br:xNd** thin
films exhibit slightly enlarged optical gaps, significantly
enlarged crystal sizes, enhanced charge carrier mobilities, and
superior crystallinity compared to the pristine CsPbl,Br thin
film. Moreover, the PSCs based on the CsPbL,Br:xNd** thin
films exhibit more than 20% enhanced PCEs and boosted
stability. To further boost device performance, 4-lithium
styrenesulfonic acid/styrene copolymer (LiSPS) is utilized as
the interface passivation layer. The PSCs based on the
CsPbL,Br:xNd**/LiSPS bilayer thin film possess reduced
charge extraction lifetime and suppressed charge carrier
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recombination, resulting in 14% enhanced PCEs and
dramatically boosted stability compared to those without
incorporating with the LiSPS interface passivation layer.

B MATERIALS AND METHODS

Materials. Lead iodide (99.9985%), lead bromide (99.999%),
2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine )-9,9-spirobifluorene
(Spiro-OMeTAD) (99%), 4-tert-butylpyridine (TBP) (96%), ethyl
alcohol (>99.5%), chlorobenzene (CB) (99.8%), dimethyl sulfoxide
(DMSO) (299.9%), hydriodic acid (57 wt % in H,0, 99.5%),
molybdenum trioxide (MoOj), and bis(trifluoromethane)sulfonimide
lithium salt (Li-TFSI) (99.95%), and Au and Ag slugs were purchased
from Sigma-Aldrich. Cesium iodide (99.9985%), tin(IV) oxide (15%
in H,O colloidal dispersion), and acetonitrile (ACN) (99.8%) were
purchased from Alfa Aesar. Cq, was purchased from Pure600liveOil.
Nd,0; was purchased from Sinopharm Chemical Reagent Co., Ltd,,
China. All chemicals were used as received without further
purification.

Preparation of Perovskite Thin Films. NdI; was prepared by
adding Nd,O; into hydriodic acid with an accurate stoichiometric
ratio in a 500 mL round-bottomed flask under vigorous stirring. The
white powder was obtained by evaporating the solvent at 80 °C for 2
h in a vacuum. The powder was washed with ethanol and then dried
under vacuum. For the CsPbI,Br precursor, 312 mg of CsI, 277 mg of
Pbl,, and 220 mg of PbBr, were added to 1 mL of DMSO, and then
the mixture was heated at 70 °C for ~1 h. For the CsPbL,Br:xNd*
precursor, different NdI; was added into perovskite solution to tune
the molar ratio of Pb** to Nd**. Afterward, the precursor solution was
filtered before further utilization. Both CsPbL,Br and CsPbL,Br:xNd**
precursor solutions were preheated at 60 °C before making perovskite
thin films. The final perovskite thin films were spin-casted from 50 uL
of corresponding precursor solutions at 3000 rpm for 30 s. Finally,
perovskite thin films were first annealed at 45 °C for 2 min, at 100 °C
for 2 min, and then at 200 °C for S min.

Characterization of Perovskite Thin Films. The character-
ization of the UV—vis absorption and photoluminescence (PL)

https://doi.org/10.1021/acsami.2c02023
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Figure 2. (a) EDS spectra of pristine CsPbI,Br thin film and the CsPbLBr:xNd** (x = 2 or 5 mol %) thin films. (b) Details of the EDS spectra from

0.9 to 1.05 keV.

Scheme 1. Top-View SEM Images and Top-View SEM Images in a Smaller Scale (Inset) of the CsPbL,Br:xNd*" Thin Films”

—5um—

—5um—

— Spym—

“(a) x = 0 mol %, (b) x = 1 mol %, (c) x = 2 mol %, and (d) x = S mol %, respectively.

spectra, X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM) images, energy-dispersive X-ray spectroscopy
(EDS), and X-ray diffraction (XRD) of perovskite thin films followed
the Frocedures described in our previous publica-
tions.” ™! 3032346L63 The grazing-incidence wide-angle X-ray
scattering (GIWAXS) was performed on the high-resolution
GIWAXS beamline (sector 8-ID-E) at Advanced Photon Source,
Argonne National Laboratory.*®

Fabrication and Characterization of PSCs. The details of the
procedures of fabrication and characterization of PSCs were described
in our previous publications,”™"! 3032546163

B RESULTS AND DISCUSSION

In our previous studies, we found that MAPbI;, where Pb**
was partially substituted by Nd**, possessed significantly
enhanced and balanced charge carrier mobility, which resulted
in boosted PCEs.® However, the utilization of heterovalent
substitution to tune charge transport of all-inorganic perov-
skites was rarely reported. In this study, Nd*" is used to
partially substitute Pb** within CsPbL,Br to create novel
CsPbI,Br:xNd** perovskites. Nd** is selected for partial
substitution of Pb** at the B-site within CsPbL,Br since such
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heterovalent substitution could generate the vacancy, resulting
in tunable optoelectronic properties of the resultant perov-
skite.*>*’=* Moreover, the RE** cation is selected as the
dopant since it can stabilize the phase and reduce crystal
impurity.”*~** Furthermore, Nd** has been used to tune the
optoelectronic properties of inorganic perovskite materials.**
In addition, the ionic radii (112 pm) of Nd*" is similar to that
(133 pm) of Pb*. Thus, the low-lying 4f orbital Nd** is
utilized to tune the vacancies at the B-site Pb**, and
synergistically endowing the optoelectronic properties of
perovskite materials is expected.**%*7%072

The whole XPS spectra of the CsPbLBr:aNd> (x =0, 1, 2,
and S mol %) thin films are shown in Figure S1. All
components for the formation of the CsPbLBr:xNd** are
found within perovskites. High resolution XPS spectra of the
CsPbLBr:xNd* (x = 0, 1, 2, and 5 mol %) thin films are
displayed in Figure 1. The typical features of Cs, Pb, I, and Br
are observed from all thin films, which further confirm the
formation of the CsPbL,Br:xNd>* thin films. However,
compared to pristine CsPbI,Br thin film, the binding energies
(BE) of the Cs 3d of the CsPbL,Br:xNd** thin films are

https://doi.org/10.1021/acsami.2c02023
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Figure 3. (a) XRD patterns of pristine CsPbL,Br thin film and the CsPbL,Br:xNd>* thin films. (b) The fwhm values of (110), (200), and (220)
plans of pristine CsPbLBr thin film and the CsPbLBr:xNd*" thin films. GIWAXS profiles of (c) pristine CsPbLBr thin film and (d—f)
CsPbLBr:xNd* (x = 1%, 2%, and 5%) thin films. (g) Intensity of GIWAXS profiles of (c)—(f) in the direction out of the plane of the

CsPbLBr:xNd*>* (x = 0%, 2%, and 5%) thin films.

increased along with increased doping concentrations of Nd*'.
For example, the BE is increased from 0.10 eV for the
CsPbLBr:xNd*" (x = 2 mol %) thin film to 0.20 eV for the
CsPbL,Br:xNd** (x = 5 mol %) thin film. These results
demonstrate that the Cs* chemical environment is tuned by
different concentrations of Nd*', indicating that there is a
chemical interaction between Cs* and Nd** and such
interaction is more intense along with increased doping
concentrations of Nd**. Moreover, similar phenomena are
observed for Pb 4f, I 3d, and Br 3d. For example, the BEs for
Pb 4f are slightly increased from 0.10 eV for the
CsPbLBr:xNd** (x = 2 mol %) thin film to 0.30 eV for the
CsPbLBr:xNd** (x = § mol %) thin film. The BEs of I 3d and
Br 3d are increased from 0.20 eV for the CsPbL,Br:xNd>* (x =
2 mol %) thin film to 0.40 eV for the CsPbLBr:xNd** (x = §
mol %) thin film. These results demonstrate that the Pb**, 17,
and Br~ chemical environments are also tuned by different
concentrations of Nd**, further indicating that there are
chemical interactions between Pb**, I7, and Br~ and Nd**,
respectively, and such chemical interactions are more intense
along with increased doping concentrations of Nd**. The
above results demonstrate that Pb** at the B-site is indeed
heterovalently substituted by Nd**.

To further verify the interaction between Nd** and Cs*,
Pb**, I, and Br~, the EDS measurements of both pristine
CsPbI,Br and the CsPbl,Br:xNd** (where x = 2 or 5 mol %)
thin films are performed, and the results are shown in Figure 2.

The peaks of Cs* (4.28 and 4.61 keV), Pb** (2.34 keV), I”
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(3.94 keV), and Br™ (1.48 keV) presented in all these three
samples confirm that Nd** is indeed within perovskites.
Moreover, a peak of the Nd** (5.23 keV) is observed from the
CsPbLBr:xNd* (x = 2 or 5 mol %) thin films, whereas no
peak, corresponding to the Nd** (5.23 keV), is observed from
the pristine CsPbI,Br thin film. In addition, as indicated in
Figure 2b, a peak located at 0.97 keV, which is also
corresponding to Nd**, is observed from the CsPbl,Br:xNd**
(x =2 or § mol %) thin films, but no peak located at 0.97 keV
is found in the pristine CsPbL,Br thin film. However, the
concentration of Nd*" is very low, which brings a difficult to
map Nd** in the CsPbLBr:xNd*>* (x = 2 or 5 mol %) thin
films.

Scheme 1 shows the top-view SEM images of the
CsPbLBr:xNd* (x = 0, 1, 2, and 5 mol %) thin films. The
CsPbLBr:xNd*" thin films exhibit significantly different film
morphology compared to pristine CsPbl,Br thin film. The
perovskite crystal size distributions within thin films are
different (Figure S2). The average crystal size of pristine
CsPbI,Br thin film is ~150 nm. The average crystal sizes of the
CsPbL,Br:xNd** thin films are enlarged to ~250 nm for the
CsPbLBr:xNd** (x = 1 mol %) thin film and ~300 nm for the
CsPbLBr:xNd* (x = 2 mol %) thin film and then reduced to
~200 nm for the CsPbLBr:xNd>* (x = 5% mole) thin film.
The largest size of ~300 nm is observed from the
CsPbLBr:xNd* (x = 2 mol %) thin film. In addition,
compared to other perovskite thin films, a rough surface is also
observed from the CsPbLBr:xNd** (x = S mol %) thin film.
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These results imply that the crystal nucleation in these
perovskites is different.

The XRD patterns of pristine CsPbl,Br and the
CsPbL,Br:xNd** thin films are shown in Figure 3a. The
peaks are located at 26 of 14.71°, 20.90°, and 29.58°, which
corresponds to the (110), (200), and (220) planes, indicating
that both pristine CsPbL,Br and the CsPbI,Br:¥Nd>* thin films
possess the tetragonal crystal structure and the Nd**
substitution of Pb** did not tune the crystal structure of the
CsPbL,Br thin film. Moreover, it is found that the peak
intensities of these plans are increased along with Nd** doping
concentrations, which indicates that these samples have
different crystallinities. To quantify the difference in crystal-
linity, the full width at half-maximum (fwhm) values of the
(110), (200), and (220) planes are calculated, and the results
are shown in Figure 3b and summarized in Table 1. The

Table 1. Full Width at Half-Maximum Values of Perovskite
Thin Films

plane
perovskite (110) (200) (220)
CsPbL,Br 0.17° 0.19° 0.23°
CsPbLBr:Nd* (2 mol %) 0.14° 0.15° 0.20°
CsPbL,Br:Nd* (5 mol %) 0.15° 0.17° 0.22°

smallest fwhm values of the (110), (200), and (220) planes
observed from the CsPbLBr:xNd*" (x = 2 mol %) demonstrate
that such perovskite possesses the highest crystallinity among
the CsPbLBr:xNd** (x = 0, 1, 2, and 5 mol %) thin films.

Figure 3c—f presents the GIWAXS profiles of the
CsPbLBr:xaNd* (x = 0, 1, 2, and 5 mol %) thin films. Pristine
CsPbL,Br thin film shows a relatively random orientation with
strongly scattered rings in all reflections along with the
scattering vector, whereas the mixture of secondary spots and
rings is observed from the CsPbL,Br:xNd** (x = 1, 2, and §
mol %) thin films. These results indicate that the dominant
crystallites within the CsPbLBr:xNd*>" thin films are those
oriented (100) and (200) planes and the CsPbL,Br:xNd** thin
films possess a better crystallinity compared to pristine
CsPbL,Br thin film.

Figure 3g displays the GIWAXS profiles, which are the
intensities of the peak in the direction out of the plane.
Compared to pristine CsPbI,Br thin film, increased intensities

of the (100) and (200) planes are observed from the
CsPbIL,Br:xNd** thin films. Such increased intensity is more
pronounced in the CsPbl,Br:xNd*" thin film as the doping
concentration of Nd** is at 2 mol %. These results further
confirm that Pb** is indeed partially substituted by Nd** at the
B-site and the resultant perovskite thin films possess a superior
crystallinity. The boosted crystallinity observed from the
CsPbIL,Br:xNd*>" (x = 2 mol %) thin film is probably attributed
to the vacancies at the B-site Pb*>" created by the low-lying 4f
orbitals of Nd*,*~% resulting in a distortion of the
[Pb(I,Br)s]* octahedra.” Thus, tunable electronic properties
are anticipated to be observed from the CsPbIBr:xNd** thin
films.

Figure 4a,b presents the absorption and photoluminescence
(PL) spectra of pristine CsPbL,Br and the CsPbl,Br:xNd**
thin films. It is found that the absorption spectra of the
CsPbL,Br:xNd>* thin films are slightly blue-shifted along with
increased Nd** doping concentrations. The optical gaps,
calculated based on the cutoff of absorption spectra, are
1.899 eV, 1.908 eV, 1.922 eV, and 1.931 eV for pristine
CsPbI,Br, the CsPbI,Br:xaNd** (x = 1 mol %), the
CsPbLBr:xNd* (x = 2 mol %), and the CsPbL,Br:xNd>* (x
= S mol %) thin films, respectively. The optical gaps are slightly
enlarged along with increased doping concentrations of Nd**.
Similar to the absorption spectra, the PL spectra of the
CsPbl,Br:xNd*" thin films are blue-shifted along with
increased doping concentrations of Nd**. Such blue-shifted
absorption and PL spectra are attributed to Pb** partially
replaced by Nd**, which results in different electronic band
structures and enlarged bandgaps.” Moreover, Nd** in the
CsPbL,Br lattice probably enhances the lattice volume and
tunes the total superposition of electron wave functions in the
CsPbL,Br:xNd** lattice.’ In addition, the low-lying 4f orbitals
of Nd*" probably could induce a distortion of the [Pb-
(IBr;_,)s]*™ octahedra and boosted the density of state,
resulting in enlarged bandgaps of the CsPbLBr:xNd** thin
films, S6H1 45,5052

Figure Sab presents the current versus voltage (I—V)
characteristics of the electron-only diodes with a device
structure of ITO/SnO,/perovskite/Cgo/Ag and the holey
only diodes with a device structure of ITO/MoQ;/perov-
skite/Spiro-OMeTAD/Ag, where ITO and Ag act as the
electrodes, SnO, and Cg, are used as the electron transport
layer, MoO; and Spiro-OMeTAD are used as the hole
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Figure 4. (a) Steady-state absorption and (b) photoluminescence (PL) spectra of pristine CsPbL,Br and the CsPbL,Br:xNd*>* (x = 1, 2, and 5 mol

%) thin films.
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Figure 5. I-V characteristics of (a) the electron-only device and (b)
the hole-only device fabricated by either pristine CsPbI,Br thin film or
the CsPbI,Br:Nd** thin film, respectively.

transport layer, and the perovskite layer is either pristine
CsPbLBr or the CsPbLBr:xNd>* thin film (x = 2 mol %),
respectively. It is found that the CsPbLBr:xNd** thin film
possesses different trap-filled limit voltages (Vg ) compared to
pristine CsPbL,Br thin film. For the electron transport, the
Vg, values are reduced to 0.54 V for the CsPbLBr:xNd** thin
film from 0.87 V for pristine CsPbI,Br thin film, and for the
hole transport, the Vg values are dropped to 0.38 V for the
CsPbLBr:xNd** thin film from 0.82 V for pristine CsPbI,Br
thin film. The trap density (N,) is described as N, =
(2e4eVrpL)/(eL?) (where L is the thickness of the active
layer, &, is the vacuum permittivity (8.85 X 1072 C-V"'m™"),
€ is the relative dielectric constant of the active layer, and e is
the elementary electric charge). The ¢ values are calculated to
be 40.70 and 43.51 for pristine CsPbL,Br thin film and the
CsPbI,Br:xNd** thin film, respectively, which are based on the
capacitance versus frequency (C—F) characteristics (Figure
S3). The film thickness of both pristine CsPbL,Br and the
CsPbLBr:xNd** thin films is measured to be ~500 nm. Thus,
hole-trap and electron-trap densities for pristine CsPbI,Br thin
film are estimated to be 1.09 X 10'® cm™ and 1.15 X 10'
cm™3, respectively, whereas for the CsPbLBr:xNd*" thin film,
the hole-trap and electron-trap densities are estimated to be
5.03 X 10" cm™ and 7.15 X 10" cm™, respectively. Both the
hole-trap and electron-trap densities of the CsPbl,Br:xNd**
thin film are 10 times smaller than those for pristine CsPbI,Br
thin film. Such reduced trap densities are ascribed to the
reduced point-defect at the atomic scale and the larger crystal

grain size with fewer grain boundaries induced by Nd**
substitutions (Scheme 1).°
On the basis of the Mott—Gurney law,” the charge carrier

g . 8L’ . .
mobility is described as p = ﬁ (where p is charge carrier
880

mobility, L is the thickness of the active layer, &, is the vacuum
permittivity, € is the relative dielectric constant for the active
layer, ] is the current density, and V is the external bias). Thus,
the electron and hole mobilities are calculated to be 5.15 X
1078 cm®* V7' s7! and 1.02 X 1076 cm® V™! s7! for pristine
CsPbl,Br thin film, respectively, whereas the electron and hole
mobilities are calculated to be 1.10 X 10~ cm® V™! 57" and
3.09 x 107> cm® V! s7! for the CsPbL,Br:xNd>** thin film,
respectively. The CsPbL,Br:xNd* thin film possesses both
significantly enhanced electron and hole mobilities compared
to pristine CsPbl,Br thin film. Such boosted charge carrier
mobilities are attributed to the significantly reduced electron
and hole trap densities and enlarged crystal sizes induced by
Nd** substitutions.

The photovoltaic properties of the CsPbLBr:xNd** (x = 0,
1, 2, and S mol %) thin films are investigated through the
characterization of the PSCs with a device structure of ITO/
SnO,/perovskites/Spiro-OMeTAD/Au (where the perovskite
layer is either pristine CsPbLBr or the CsPbLBr:xNd** thin
films and Au is used as the anode), under white light
illumination with the light intensity of 100 mW/cm?® The
device performance parameters of PSCs are summarized in
Table 2. The J—V characteristics of PSCs are shown in Figure

Table 2. Device Performance Parameters of PSCs

Voc Jsc FF PCE

photoactive layer V) (mA/cm?) (%) (%)

CsPbL,Br 1.20 13.97 69 11.60

CsPbl,Br:xNd** 1.20 14.48 73 12.59
(x = 1 mol %)

CsPbI,Br:xNd** 1.25 16.01 75 15.01
(x = 2 mol %)

CsPbI,Br:xNd** 1.16 11.94 69 9.51

(x = S mol %)

S4. It is found that PCEs values of PSCs are increased and then
decreased along with the increased doping concentrations of
Nd**. The best device performance is observed from the PSCs
based on the CsPbI,Br:xNd** thin film, where the Nd** doping
concentration is at 2 mol %. The decreased PCEs originate
from the rough surface and surface defects of the resultant
perovskite thin film (Scheme 1).

To further optimize the device performance, LiSPS is used
as the interface passivation layer on the top of the perovskite
layer since LiSPS can passivate the interface defects of
solution-processed perovskite thin film.”* LiSPS is an ultrathin
ionomer layer, which was applied to re-engineer the interface
between the perovskite layer and spiro-OMeTAD layer in the
PSCs devices. The optimized contact between the two layers
by the modification with a LiSPS layer results in a reduced
charge-carrier recombination. Moreover, LiSPS can also fill the
traps at the surface of the perovskite layer to decrease the
current leakage and improve the stability of the PSCs devices.
The device performance of PSCs incorporated with different
thicknesses of the LiSPS interface passivation layer is
summarized in Table S1. Figure 6a presents the |-V
characteristics of the PSCs based on either pristine CsPbI,Br
thin film or the CsPbI,Br:xNd** thin film or the
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Figure 6. (a) J—V characteristics of PSCs, (b) EQE spectra and the integrated photocurrent densities of PSCs, (c) normalized transient
photocurrent curves of PSCs, and (d) C—V characteristics of PSCs, where PSCs are with the same device structure but with different photoactive
layers: pristine CsPbL,Br thin film, the CsPbL,Br:Nd** thin film, and the CsPbl,Br:Nd*'/LiSPS bilayer thin film.

CsPbLBr:xNd**/LiSPS bilayer thin film. The PSCs based on
pristine CsPbL,Br thin film exhibit a Vi5¢ of 1.20 V, a Jgc of
13.97 mA/cm? and a FF of 69% and with a corresponding
PCE of 11.60%. The PSCs based on the CsPbL,Br:xNd** (x =
2 mol %) thin film exhibit a Vo of 1.25 V, a Jgc of 16.01 mA/
cm?, and a FF of 75% and with a corresponding PCE of
15.01%, which is more than 20% enhancement compared to
that based on pristine CsPbLBr thin film. Such enhanced
PCEs are ascribed to the boosted charge carrier mobility and
enlarged crystal size of the CsPbLBr:xNd** thin film.
Furthermore, the PSCs based on the CstIZBr:de3+/LiSPS
bilayer thin film exhibit a Vio¢ of 1.25 'V, a Jsc of 16.98 mA/
cm?, and a FF of 81%, with a corresponding PCE of 17.05%,
which is approximately 14% enhancement compared to that
without incorporating the LiSPS interface passivation layer.
These results illustrate that the surface defects of the
CsPbI,Br:xNd** thin film are passivated by the LiSPS interface
passivation layer, resulting in suppressed charge recombination
and thus boosted PCEs.

Figure 6b displays the EQE of PSCs and the integrated s,
which are based on the EQE spectra of PSCs. Boosted EQE
values are observed from the PSCs based on either the
CsPbLBr:xNd* thin film or the CsPbL,Br:xNd>*/LiSPS
bilayer thin film. The highest EQE values (90%) ranging
from 450 to 600 nm are observed from the PSCs based on the
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CsPb,Br:xNd**/LiSPS bilayer thin film. The integrated Jsc
values are 13.28 mA/cm?, 15.23 mA/cm?, and 16.18 mA/cm?
for the PSCs based on either pristine CsPbL,Br or the
CsPbLBr:xNd®" or the CsPbIBr:xNd**/LiSPS bilayer thin
films, respectively. These integrated Jsc values are in good
agreement with those extracted from the J—V characteristics
(Figure 6a). All these results further prove the contribution of
enhanced charge mobility and enlarged crystal size of the
CsPbLBr:xNd** thin film and the functionality of the LiSPS
interface passivation layer.

The TPC measurement is conducted to investigate the
charge generation and transport kinetics in PSCs.*>° Figure
6¢ presents the normalized TPC curves of PSCs. Under the
short-circuit condition, all PSCs possess a similar transient
photocurrent curve. In the beginning, the TPC curves tended
to be linear because most of the charge carriers are extracted
during a significantly short time. However, a significant
difference has happened after ~50 ns. Such differences
originated from the trap and detrap processes of charge
carriers.”> Through extrapolation of the linear region to zero,
the lifetime of charge extraction is estimated.’® The charge
extraction lifetime of 100 ns is observed from the PSCs based
on the CsPbI,Br:xNd**/LiSPS bilayer thin film, whereas the
charge extraction lifetimes of 122 and 132 ns are observed
from the PSCs based on the CsPbL,Br:xNd>* thin film and the
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Figure 7. Light intensity dependent on (a) V¢ and (b) Jsc of PSCs, (c) Nyquist plot of (in dark) PSCs, and (d) the shelf-stability of
unencapsulated PSCs, where the PSCs are with the same device structure, but with different photoactive layers: pristine CsPbI,Br thin film, the

CsPbL,Br:Nd** thin film, and the CsPbL,Br:Nd**/LiSPS bilayer thin film.

PSCs based on pristine CsPbI,Br thin film. A short charge
extraction lifetime indicates a fast sweep-out process of the
charge carrier. Thus, the PSCs based on the CsPbl,Br:xNd**
thin film exhibit enlarged Jsc. Compared to the PSCs based on
pristine CsPbL,Br thin film, increased photocurrent densities
observed from the PSCs based on the CsPbLBr:xNd** thin
film and from the PSCs based on the CsPbI,Br:xNd**/LiSPS
bilayer thin film (Figure SS) further indicate suppressed charge
carrier recombination and enhanced charge carrier mobility of
the CsPbL,Br:xNd** thin film and suppressed surface defects
by the LiSPS interface passivation layer.

The Mott—Schottky analysis®”” is further used to
investigate the charge carrier behavior of PSCs. Figure 6d
shows the C—V characteristics of PSCs. On the basis of the
slope of the linear fitting of the C™ versus V curves, the trap
density (N) is estimated.””*® N values of 1.32 X 10'® cm™,
1.45 X 10" cm™, and 2.98 X 10'® cm™ are estimated for the
PSCs based on the CsPbl,Br:xNd**/LiSPS bilayer, the
CsPbI,Br:xNd** and pristine CsPbL,Br:xNd** thin films,
respectively. Suppressed trap density indicates that PSCs
exhibit large Jsc, thus high PCE. On the other hand, the built-
in potential (V};) is estimated by extrapolating the linear fitting
line to the intercept on the bias axis. A V}; of 1.30 V is
observed from the PSCs based on the CsPbI,Br:xNd**/LiSPS
bilayer thin film, and a similar value to the above V; is
observed from the PSCs based on the CsPbI,Br:xNd** thin
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film. A V,; of 1.22 V is observed from the PSCs based on
pristine CsPbL,Br thin film. Therefore, the PSCs based on
either the CsPbLBr:xNd**/LiSPS bilayer thin film or the
CsPbLBr:xNd** thin film exhibit a larger Vo compared to
that based on pristine CsPbI,Br thin film.

The light intensity-dependent Jsc and Vi are further
investi§ated to understand the underlying of enhanced
Joo 070! Figure 7a shows the light intensity versus Vo of
PSCs. Under the open-circuit condition, Voc has been
described as Voc = n(K,T/q) In(1)®*** (where K, is the
Boltzmann constant, T is the temperature in kelvin, g is the
elementary charge, and 7 is a constant). As n equals 1, the
bimolecular recombination is dominant in solar cells, whereas
as n equals 2, the monomolecular recombination is dominant
in solar cells.”** The slopes of 1.92K,T/q, 1.54K,T/q, and
1.31K,T/q are observed from the PSCs based on either
pristine CsPbL,Br thin film or the CsPbI,Br:xNd** thin film or
the CsPbL,Br:xNd**/LiSPS bilayer thin film, respectively.
Thus, compared to the PSCs based on pristine CsPbl,Br
thin film, a weaker monomolecular charge recombination
process takes place within the PSCs based on the
CsPbLBr:xNd®* thin film, and an even more suppressed
monomolecular charge recombination process takes place
within the PSCs based on the CsPbI,Br:xNd*"/LiSPS bilayer
thin film. Therefore, these two PSCs exhibit larger Js- and
PCEs.

https://doi.org/10.1021/acsami.2c02023
ACS Appl. Mater. Interfaces 2022, 14, 19469—19479


https://pubs.acs.org/doi/suppl/10.1021/acsami.2c02023/suppl_file/am2c02023_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02023?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02023?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02023?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c02023?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.2c02023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Figure 7b shows the light intensity versus Jsc of PSCs. Jsc
related to the light intensity is described as J5c € I % (where I
is the light intensity and a is the coefficient). A large a indicates
that a weaker charge carrier recombination happens in solar
cells. All PSCs possess a power-law dependence of Jsc on the
light intensity. The PSCs based on the CsPbI,Br:xNd**/LiSPS
bilayer thin film exhibit an a of 0.97, which is larger than that
(0.93) observed from the PSCs based on the CsPbL,Br:xNd**
thin film. The latter one is larger than that (0.89) from the
PSCs based on pristine CsPbL,Br thin film. Thus, the PSCs
based on the CsPbI,Br:xNd**/LiSPS bilayer thin film exhibit
the best device performance among these three PSCs.

To understand the overall enhancement in FF, the IS spectra
measured in the dark have been carried out to monitor the
detailed electric properties of PSCs, which cannot be directly
observed from the J—V characteristics. Figure 7c presents the
Nyquist plot of PSCs. The charge-transfer resistance (Rcr)
values for the PSCs based on either pristine CsPbI,Br thin film
or the CsPbI,Br:xNd** thin film or the CsPbI,Br:xNd**/LiSPS
bilayer thin film are estimated to be ~3000 €2, ~950 €, and
~550 €, respectively. The smaller Rcy originates from high-
quality film and suppressed charge carrier recombination.
Thus, the PSCs based on the CsPbI,Br:xNd**/LiSPS bilayer
thin film possess higher FF compared to that based on the
CsPbLBr:xNd** thin film, which possesses higher FF
compared to that based on pristine CsPbI,Br thin film.

Figure 7d presents the shelf stability of unencapsulated
PSCs, which are stored in the glovebox with nitrogen
atmosphere at room temperature. After ~1500 h, the PSCs
based on pristine CsPbI,Br thin-film decays 82% of their initial
PCE value. The PSCs based on the CsPbL,Br:xNd>* thin film
and CsPbL,Br/LiSPS bilayer thin film maintain ~50% of their
initial PCE values, whereas the PSCs based on the
CsPbI,Br:xNd**/LiSPS bilayer thin film keeps ~83% of their
initial PCE value at the same period. Boosted stability observed
from the PSCs based on the CsPbIL,Br:xNd** thin film is due
to the high quality of the CsPbL,Br:xNd** thin film, and the
dramatically enhanced stability of the PSCs based on the
CstIzBr:de3’+/LiSPS bilayer thin film is attributed to the
LiSPS interface passivation layer.

It is also found that the PSCs based on the CsPbL,Br:xNd>*/
LiSPS bilayer thin film possess high reproducibility (Figure
S6). Such high reproducibility is ascribed to both enlarged
crystal sizes of the CsPbl,Br:Nd** thin film and the interface
passivation by the LiSPS layer.

B CONCLUSIONS

In summary, we reported novel all-inorganic perovskites, where
Pb** at the B-site was partially heterovalently substituted by
Nd*. It was found that the CsPbL,Br:¥Nd** thin films
possessed blue-shifted absorption and photoluminescence
spectra, enlarged crystal sizes, enhanced charge carrier
mobilities, and superior crystallinity. As a result, perovskite
solar cells (PSCs) based on the CsPbLBr:xNd** thin films
exhibited more than 20% enhanced power conversion
efficiency (PCE) as compared with that based on pristine
CsPbL,Br thin film. To further boost the device performance of
PSCs, solution-processed LiSPS was utilized as the interface
passivation layer. The PSCs based on the CsPbI,Br:xNd*'/
LiSPS bilayer thin film exhibited reduced charge extraction
lifetime and suppressed charge carrier recombination, resulting
in 14% enhanced PCEs compared to that based on the
CsPbLBr:xNd** thin film. Moreover, the PSCs based on the

CsPbL,Br:xNd**/LiSPS bilayer thin film possessed dramati-
cally boosted stability. All these results demonstrated that we
developed a facile way to approach high-performance PSCs by
all-inorganic perovskites.
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