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Efficient and Stable CsPbl; Solar Cells via Regulating
Lattice Distortion with Surface Organic Terminal Groups

Tianhao Wu, Yanbo Wang, Zhensheng Dai, Danyu Cui, Tao Wang, Xiangyue Meng,

Enbing Bi, Xudong Yang, and Liyuan Han*

All-inorganic cesium lead iodide perovskites (CsPbls) are promising wide-
bandgap materials for use in the perovskite/silicon tandem solar cells,

but they easily undergo a phase transition from a cubic black phase to an
orthorhombic yellow phase under ambient conditions. It is shown that this
phase transition is triggered by moisture that causes distortion of the corner-
sharing octahedral framework ([Pbl¢]*). Here, a novel strategy to suppress the
octahedral tilting of [Pblg]* units in cubic CsPbl; by systematically controlling
the steric hindrance of surface organic terminal groups is provided. This steric
hindrance effectively prevents the lattice distortion and thus increases the
energy barrier for phase transition. This mechanism is verified by X-ray diffrac-
tion measurements and density functional theory calculations. Meanwhile, the
formation of an organic capping layer can also passivate the surface electronic
trap states of perovskite absorber. These modifications contribute to a stable
power conversion efficiency (PCE) of 13.2% for the inverted planar perovskite
solar cells (PSCs), which is the highest efficiency achieved by the inverted-
structure inorganic PSCs. More importantly, the optimized devices retained
85% of their initial PCE after aging under ambient conditions for 30 days.

Organic—inorganic hybrid perovskite solar cells (PSCs) are a
promising photovoltaic technology that has made unprecedented
progress in recent years.'™ By now, the highest certified power
conversation efficiency (PCE) has exceeded 23%, which is com-
parable to that of state-of-the-art crystalline silicon solar cells.!
However, the volatility of the organic components in organic—
inorganic hybrid perovskites has become a serious constraint on
the long-term stability of PSCs and optoelectronic devices.[5]
All-inorganic perovskite materials are among the most promising
candidates for overcoming the organic cation-related long-term
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stability issue, and much effort has therefore
been devoted to development of all-inor-
ganic halide perovskites.*!l All-inorganic
cesium lead halide perovskites (CsPbXj,
X =1, Br, Cl) have the advantage over
organic-inorganic metal halide perovskites
of being more thermally stable because of
the replacement of volatile organic cations
with cesium ions. Among these lead-halide
perovskites, cesium lead iodine (CsPbls)
perovskite has a bandgap of 1.72 eV, which
is ideal for photovoltaic applications, espe-
cially for the top cell of perovskite/silicon
tandem solar cells.'""1¥1  Typically, the
inverted structure PSCs were often used in
tandem solar cells with high efficiency.'¥
However, the researchers mainly focus on
the normal structure in the field of all-inor-
ganic PSCs, the inverted-structure devices
were rarely studied and their stabilized effi-
ciency still remains at about 12%.11%!
Although CsPbl; has the most suit-
able bandgap, the black phase of CsPbl;
exhibits an undesirable tolerance factor with poor phase sta-
bility, which results in automatic transformation to a nonphoto-
active yellow phase with a wide bandgap of 2.82 eV after
exposure to humid conditions.'® Several methods have been
exploited to stabilize the black phase of CsPbl;. Those methods
have included doping with Br, exploiting the quantum dots
effect, and use of 2D/3D heterojunction structures.'>17-20
Nevertheless, these strategies would undesirably broaden the
bandgap, hinder carrier transport, and lead to mismatched
band alignment with the charge extraction layer. The result
would be a decrease of light absorption and unfavorable charge
recombination.?!! Moreover, the solution-processed CsPbl;
films often present a high content of metallic Pb cluster (Pb?)
acting as electron-based trap state on the surface,!'”] which may
induce serious charge recombination in the perovskite/electron
transporting layer interface, and thus limit the performance of
PSCs with an inverted configuration. Surface organic capping
layer would be an effective way to stabilize the CsPbl; black
phase and further improve the device performance through
efficient passivation of the surface ionic defects.?Z So far, many
organic ligands composed of anchoring functional groups and
bulk alkyl chains have been employed to form a surface capping
layer for phase stabilization of CsPbl; perovskite, including
oleylamine, oleic acid, acetic acid, poly(vinylpyrrolidone), sul-
fobetaine zwitterions, and phenethylammonium iodide.*3-2°!
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Figure 1. a) Chemical structures of OTG1, OTG2, and OTG3. b) Liquid-state '"H NMR spectrum of the relative perovskite samples, characteristic
peaks of the DMSO solvent and residual water are marked with asterisk and solid square, respectively. c) TOF-SIMS profiles showing Pbl~ and CN~

components from the top to the bottom of the CsPbl;—OTG3 film.

However, this ligand-induced phase stabilization usually causes
a smaller grain size in the CsPbl; perovskite films,**?"] which
still limits the solar cells performance. Therefore, more efforts
are needed to take the phase stability and the photovoltaic per-
formance of CsPbl; PSCs into consideration simultaneously,
which could be achieved by a rational design of the organic
ligand and a comprehensive study on the phase-stabilizing
mechanism of CsPbl; perovskite.

In this study, we fabricated the inverted planar CsPbl; based
PSCs and found that increasing the steric hindrance of organic
ligand could significantly improve the phase stability of CsPbl;
perovskite by suppressing the lattice distortion triggered by
moisture or polar solvents. The bulky organic ligands serving
as organic terminal groups (OTGs) are used in this work. Three
OTG molecules (OTG1, OTG2, and OTG3) were designed
with different substituted phenyl units (phenyl, 2,4-dimethoxy
phenyl, and 24-dibutoxy phenyl) as bulk alkyl chains,
cyanoacetic acid as an anchor for bonding with the Pb-I frame-
work of perovskite lattice. Besides, thiophene based m-spacer is
employed to keep the molecular planarity and enhance intra-
molecular - interaction due to the small resonance energy of
thienyl segment, which is considered to suppress the thermal
decomposition of OTG molecules under high-temperature
annealing process.?!! Figure 1a shows the chemical structures
of three such molecules. The X-ray diffraction (XRD) meas-
urements and density functional theory (DFT) calculations
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demonstrated that a large 2,4-dibutoxy phenyl unit applied
in OTG3 could efficiently hinder the octahedral tilting of the
corner-sharing [PblgJ* black phase through a strong steric-
hindrance effect. Such effect increases the formation energy of
orthorhombic yellow phase with an edge-sharing [Pblg]*" struc-
ture. Moreover, the fact that the carboxylate group on OTG
molecules passivated the surface Pb defects further reduced
the nonradiative recombination of charge carriers in perovskite
layer.[?%] Consequently, the stable power conversion efficiency of
PSCs with a surface organic capping layer reached 13.2% for
the inverted planar structure. More importantly, CsPbI; PSCs
with an OTG3 capping layer showed much higher phase sta-
bility against moisture than did the pristine CsPbl; devices.
The CsPbI;—OTG3 device retained 85% of its initial PCE after
aging for 30 days in ambient air without encapsulation. These
results emphasize the importance of regulating lattice distor-
tion to produce efficient and stable all-inorganic CsPbI; PSCs.
OTG1, OTG2, and OTG3 molecules were synthesized by
procedures described in our previous reports,3! the steps of
synthesis are shown in Figure Sla (Supporting Information).
Figure S1b (Supporting Information) provides the thermo-
gravimetric analysis (TGA) of OTG1, OTG2, and OTG3. All
the samples exhibit negligible weight loss associated with the
decomposition or thermal evaporation of OTG molecules from
20 to 200 °C, indicating their good thermal stability for the
application of CsPbl; based devices. The surface passivation
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process of CsPbl; perovskite was conducted by adding OTG
molecules to a perovskite precursor solution composed of Csl
and HPbI;. The perovskite black phase was formed after a one-
step spin-coating procedure and gradient thermal annealing at
90 and 150 °C. The formation of the black phase was attributed
to the fact that the HPbI; intermediate could facilitate transition
to the CsPbI; black phase at lower temperature than that of the
traditional method used CsI and Pbl, as precursor.l’!] Details of
the process are provided in the experimental section. Figure S2
(Supporting Information), which shows the XRD pattern of
pristine HPDbI; powder used in perovskite precursor, depicts the
strong peaks at 11.7°, 25.9°, and 31.3° associated with the (100),
(201), and (310) planes, respectively, of the HPbI; crystal.'!

In order to verify the presence of OTG molecules in the
CsPbI; film after thermal annealing process, we redissolved
the perovskite films in d6-DMSO solvent for nuclear magnetic
resonance (NMR) measurement, 'H NMR spectrums of the
relative samples are plotted in Figure 1b. The corresponding
peaks in CsPbI;-OTG samples are assigned to the H atoms pre-
sented on cyanoacetic acid (8.4-8.5 ppm), thiophene n-spacer
(7.7-8.0 ppm), phenyl unit (6.7-7.5 ppm), and the bulk alkyl
chain (0.9-4.2 ppm), respectively. Besides, some works indi-
cate that HPbI; precursor may introduce extra organic cations
called dimethylammonium (DMA) into the CsPbl; perovskite
lattice.?”) However, the 'H NMR peaks at 8.2 and 2.7 ppm
assigned to the amino (—NH,") and methyl (—CHj;) groups
of DMA cation (!H NMR of DMAI is shown in Figure S3 in
the Supporting Information), respectively, are absent in our
perovskite samples. Based on this result, we deduce that the
perovskite film fabricated by this work is all-inorganic rather
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than the organic—inorganic hybrid one. Additionally, we employ
time-of-flight secondary-ion mass spectrometry (TOF-SIMS)
analysis (Figure 1c) to investigate the vertical distribution of
OTG molecules (indicated by CN7) in CsPbl; film (indicated by
PbI), which indicates that OTG molecules mainly serve as a
surface organic capping layer on the CsPbl; perovskite.

The coordinated reaction between the carboxylate (O=C—O0)
of OTG molecules and CsPbl; perovskite was demonstrated
via Fourier transform infrared (FTIR) spectroscopy. Figure S4a
(Supporting Information) shows the FTIR spectra of OTG mole-
cules and the CsPbI;-OTG mixture. The stretching vibration of
the C=0 bond in pure OTG3 was observed at 1685 cm™. The
C=O0 vibration was shifted to a lower wavenumber of 1671 cm™!
in the CsPbI;-OTG3 mixture. The other peaks presented in
1260, 1302, 1425, and 1579 cm™ are relative to the vibration
signal of Ar—H, C—0—C, C—H, and C=C bonds in the OTG
molecules. In addition, X-ray photoelectron spectroscopy (XPS)
analysis further confirms the coordination between carboxylate
and Pb?* cations, as shown in Figure S4b (Supporting Infor-
mation). The XPS O 1s spectrum revealed three clear peaks at
529.4 eV (Pb—O bond), 531.5 eV (C=O bond), and 532.8 eV
(C—0 bond), in contrast to the single peak at 531.3 eV (absorp-
tion of the water molecules) for pristine CsPbl; film.[3%34

To study the effect of OTG molecules on the crystallization
process of CsPbI; perovskite, we compared the XRD patterns
of pristine CsPbl; and the CsPbI;—OTG films (Figure 2a). The
main diffraction peaks of pristine CsPbl; appeared at 14.4°,
20.6°, and 28.9°. We attributed them to the preferred orienta-
tions of (110), (020), and (220), respectively. The split peaks
of the (002), (112), and (004) orientations were related to the
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Figure 2. a,b) XRD patterns of the corresponding perovskite films deposited on fluorine-doped tin oxide (FTO)-coated glass before (a) and after (b)

being aged in air (50-60% relative humidity) for 12 h. The diffraction peaks

of the FTO substrate are marked with an asterisk, and the diffraction peaks

of the CsPbl; yellow phase are marked with a solid square. c—f) Top-view scanning electron microscopy images of pristine CsPbl; (c), CsPbl;—OTG1

(d), CsPbl;—OTG2 (e), and CsPbl;—OTG3 films (f). The scale bar indicates

Adv. Mater. 2019, 1900605 1900605

T um.

(3 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

presence of the distorted corner-sharing [Pblg]* structure
(»-CsPbls, orthorhombic black phase) with a Pb—I—Pb bond
angle of 155.6°. This structure is frequently found in the
CsPDbl; perovskite processed with HPDbI; or HI in the precursor
solution.?>3¢l Interestingly, the CsPbl;—~OTG films exhibited
an obvious decrease of peak intensity for the (002), (112), and
(004) planes, especially in the case of CsPbI;-OTG3. These
observations further point to the fact that fabrication of large
steric hindrance terminal groups on the CsPbl; surface is crit-
ical for suppressing the octahedral tilting of [Pblg]*" units in
the perovskite lattice. In addition, the fact that the XRD pattern
of the CsPbI;-OTG films did not show any additional peaks
associated with the 2D structure is attributable to the fact that
large organic molecules could not permeate into the perovskite
lattice. Besides, the UV-vis spectrum (Figure S5, Supporting
Information) indicated that the presence of OTG molecules did
not affect the UV-vis absorption and the bandgap of CsPbl;
perovskite.

Figure 2b illustrates the XRD patterns of the corresponding
perovskite films after they were kept in moist air for 12 h.
For the pristine CsPbl; films, the diffraction peaks of the
black phase almost disappeared along with the strong peaks
located at 9.8° and 12.9° attributable to the presence of the
orthorhombic yellow phase.?!l The fact that the XRD pattern
of CsPbI;-OTG3 film was very similar to that of the fresh
sample indicated that suppressing [Pblg|*" octahedral tilting
played a vital role in hindering the phase transition of the
black phase of CsPbl;. Figure S6 (Supporting Information) also
shows the color change versus the time of aging of the corre-
sponding perovskite films. The phase-stabilizing effect of OTG
molecules under treatment with another polar solvent was also
investigated by dipping perovskite films in ethanol. Figure S7
(Supporting Information) shows the XRD patterns of those
films. We found that the CsPbl; black phase treated with OTG3
also exhibited much higher resistance to phase transition than
the black phase of the pristine sample.

We used scanning electron microscopy (SEM) to characterize
the impact of OTG molecules on the surface morphology of
CsPbI; perovskite films. Top-view SEM images of the corre-
sponding perovskite films (Figure 2c—f) revealed little difference
in grain size before and after treatment with OTG molecules,
as is apparent in the distributions of grain sizes (Figure S8,
Supporting Information). Previous reports have demonstrated
that minimizing the grain sizes (increasing the surface/volume
ratios) is an efficient way to stabilize the CsPbI; black phase.
The fact that the highly symmetrical cubic structure usually has
a surface energy smaller than that of the orthorhombic structure
leads to a reduction of the total Gibbs free energy of the mate-
rial surface.?”] This observation confirms that the mechanism
of phase stabilization of OTG molecules is not associated with
reduction of the grain size of CsPbI; perovskite. In addition,
we used energy dispersive spectrometry (EDS) to determine
the distribution of elements in the modified perovskite films.
Figure S9 (Supporting Information) shows the element map-
ping profiles of CsPbI;-OTG3 films.

Figure 3a illustrates the phase stabilizing mechanism of
CsPbl; perovskite with OTG molecules as the surface cap-
ping layer. First, OTG molecules in the precursor solution are
thought to act as nucleation sites for the growth of the cubic
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CsPbI; black phase. This step is followed by formation of a
perovskite film with a surface OTG capping layer. After expo-
sure to moisture or another polar solvent, the bulk alkyl chains
of the OTG molecules provide steric hindrance that suppresses
the tilting of the [Pblg]*" octahedron frameworks, resulting in
hindrance of the phase transition to the orthorhombic phase.
We also performed DFT calculations to better understand the
moisture-induced lattice distortion of cubic CsPbl;. We simu-
lated the interaction between H,0 molecules and cubic CsPbl;
containing three-layer [Pblg]* octahedral units without and
with OTG1, OTG2, and OTG3 at the lattice surface. The gen-
eralized gradient approximation in the form of Perdew—Burke—
Ernzerhof was used for the exchange—correlation function.3l
Figure 3b—e shows the geometry-optimized structures. It is
apparent that the surface Cs* ions moved from their original
positions and approached H,0 molecules in pristine CsPbls.
This change in position induced a shift of the electron cloud
associated with the Cs* ions and thus caused a tilting of the
adjacent corner-sharing [Pblg]*~ frameworks. This result is
similar to the prediction of a previous theoretical calcula-
tion based on the ethanol molecule.??l In contrast, the theo-
retical model of CsPbI;—OTG, which contains large bulk alkyl
groups, showed much less lattice distortion, especially in the
case of CsPbI;3—OTG3. The Pb—I—Pb bond angle indicated
in Figure S10 (Supporting Information) is 134.5° in pristine
CsPbl;. This angle is much smaller than the angle of the
corner-sharing [Pbl]*" frameworks in the cubic phase (180°)
and approaches the angles of the edge-sharing [Pbl¢]*" frame-
works in the orthorhombic phase (91.4° and 95.1°). Interest-
ingly, this bond angle increases to 157.8°, 170.2°, and 179.4° in
the CsPbI;-OTG1, CsPbl;-OTG2, and CsPbI;-OTG3 models,
respectively. Other calculations illustrate that the decrease of the
Pb—I—Pb bond angle gives rise to a weaker antibonding state
with the overlapping Pb-I orbitals. This characteristic has been
shown to cause a reduction of the defect tolerance of CsPbl,
perovskite, which is undesirable for high-performance PSCs.*0!
This calculated result is consistent with our experimental
results and highlights the importance of regulating CsPbl; lat-
tice distortion to achieve stable and efficient all-inorganic PSCs.

To investigate the impact of the organic capping layer on the
surface defect states, we used XPS to examine the Pb 4f core
levels of CsPbl; and CsPbI;-OTG3 (Figure 4a). The dominant
peaks (138.0 eV for 4f;/, and 143.1 eV for 4f; ;) were associated
with Pb*" atoms with a saturated coordination, and we attrib-
uted the small peaks (asterisks in Figure 4a) at lower binding
energy (136.9 eV for 4f;, and 142.0 eV for 4f; ;) to the defects
of undercoordinated Pb%" ions that were associated with the
metallic Pb cluster (Pb%.*11 Theoretical computations and
experimental studies have indicated that the Pb® defects are the
main source of electronic trap states and serves as a nonradia-
tive recombination center for charge carriers.*?) By calculating
the peak area ratio of Pb? to Pb 4f, we could estimate the content
of Pb® to be 4.13 at% and 0.65 at% for CsPbl; and CsPbl;—
OTG3, respectively. This result implies that the organic capping
layer could significantly reduce the density of defects on the
CsPbI; surface. Furthermore, we calculated the electronic trap
density of perovskite film by measuring dark current-voltage
(I-V) curves of the electron-only devices with a structure of
FTO/TiO,/perovskite/PCBM/Ag electrode. Figure 4b depicts
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Figure 3. a) Mechanism of the OTG-induced phase stabilization of CsPbl; perovskite. b—e) The geometry-optimized structure of water molecules
adsorbed onto CsPbl; (b), CsPbl;~OTG1 (c), CsPbl;~OTG2 (d), and CsPbl;—OTG3 (e) with three layers of [Pblg]*" units. The light green, gray, and

purple spheres represent Cs, Pb, and | atoms, respectively.

the dark I-V curves of CsPbl; and CsPbI;-OTG3-based devices,
which include an Ohmic regime, a trap-filled limited regime
and a trap-free space charge limited current (SCLC) regime.
The trap density can be deduced from the onset voltage of the
trap-filled limit region (Vyg;), as depicted in Equation (1):

(1)

where ¢, is the vacuum permittivity, €, is the relative dielectric
constant, q is the charge constant, and I is the thickness of the
perovskite film. It is found that the trap density significantly
decreases from 2.02 x 10'° to 8.75 x 10'> cm™ for the control
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and passivated devices, which is in consistent with the XPS
analysis.

Figure 4c displays the steady-state photoluminescence (PL)
spectrum of CsPbl; and CsPbI;—OTG3 perovskite films coated
on bare glass. The fact that the PL intensity of CsPbI;—OTG3
was much higher and that the PL peaks were slightly blue
shifted (from 722 to 719 nm) indicated that passivation of sur-
face electronic trap states had occurred.[*¥l Furthermore, the fact
that PL quenching of the PCBM-coated CsPbl; film changed
very little after the passivation process (Figure S11, Supporting
Information) implied that the surface-capping OTG3 molecules
did not affect the interface charge extraction efficiency of the
charge-transporting layer. Figure 4d shows the time-resolved

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) X-ray photoelectron spectroscopy analysis of Pb 4f core levels. b) Dark I-V plot of the electron-only perovskite device, the device configura-
tion is depicted in the inset. Three regions can be identified based on the slope (n) of the curve: n =1 is the Ohmic region, n = 2 is the SCLC region
(child), and n > 3 is the trap-filled limited region (TFL). c) Steady-state photoluminescence spectrums and d) time-resolved PL decays for the CsPbl; and
CsPbl;~OTG3 films. The asterisks indicate the presence of Pb? components. The samples for PL measurement were deposited on bare glass substrates.

PL plot of the corresponding perovskite samples. The PL decay
curves were fitted with a double exponential equation, and the
parameters derived from the curves are summarized in Table S1
(Supporting Information). The results showed that the fast
decay lifetime (7;) that accounts for biomolecular recombina-
tion of photogenerated free carriers was not obviously changed,
but the slow decay lifetime (t;) relative to the trap-assisted
recombination exhibited a much higher value (81.7 ns) for the
CsPbI;—OTG3 perovskite than for pristine CsPbl; (47.4 ns).
This enhanced PL lifetime suggests that there was less nonra-
diative recombination and a lower trap density in the CsPbl;—
OTG3 perovskite films.[*4]

To further study the effect of surface organic terminal groups
on the photovoltaic performance of the device, we fabricated
perovskite solar cells with an inverted planar structure of fluo-
rine-doped tin oxide (FTO)-coated glass/PTAA/CsPbl; perovskite
(without or with OTG molecules)/PCBM/BCP/Ag (Figure 5a).
Table S2 and Figure S12 (Supporting Information) list the sta-
tistic distribution of corresponding photovoltaic parameters
(Jso Voo FF, and PCE) of the devices with different molar
ratios of OTG3 to HPDI; in the precursor solution (12 devices
in a batch), and the characteristic J-V curves are plotted in
Figure S13 (Supporting Information). As the OTG3 molar ratio
was increased from 0.1% to 1%, the PCE first increased and
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then decreased. The best cell efficiency occurred at a molar ratio
of 0.2%. Figure 5b shows the J-V curves of the best devices
based on CsPbl; and CsPbI;—OTG3 perovskite. The control
devices gave a V,. of 1.07 V, a J,. of 15.85 mA cm™2, a fill factor
(FF) of 68.52%, and a PCE of 11.62%. The performance of the
PSCs based on CsPbI;—OTG3 was an enormous improvement
over the performance of the control device; the V. was 1.12 'V,
the J,. was 15.81 mA cm2, the FF was 75.19%, and the PCE was
13.32%. To increase the accuracy of photovoltaic measurement,
we perform the hysteresis analysis of PSCs based on different
scan directions (Figure S14, Supporting Information), both the
CsPbI; and CsPbI;—OTG3 devices show a negligible hysteresis
between forward and reverse scan. The cross-section SEM image
of the optimized CsPbI;—~OTG3 device is shown in Figure S15
(Supporting Information). We attributed the enhancements
of the V,. and FF of the CsPbI;—OTG3 PSCs to the efficient
passivation of surface electronic trap states caused by the
undercoordinated Pb?" defects, which effectively reduced the
energy loss due to nonradiative recombination of the charge
carrier.

To ensure the reliability of the performance of the device,
we measured the steady-state PCE for about 600 s under a con-
stant bias of 0.88 V derived from the maximum power point
(Pmax) (Figure 5¢). The stable efficiency of 13.2% that could be

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Configuration of the perovskite solar cells. b) J-V plots of the best devices based on CsPbl; and CsPbl;—~OTG3 perovskite measured under
simulated AM 1.5G solar illumination of 100 mW cm™2 in reverse scan. The active area was 0.09 cm? for the testing device. c) Stable output curves of
the best CsPbl;—OTG3 device. d) Internal photon-to-current efficiency (IPCE) of the best CsPbl;~OTG3 PSCs. e) Normalized transient photovoltage
for CsPbl; and CsPbl;—~OTG3 devices. f) Power conversion efficiency decays of the best CsPbl; and CsPbl;—~OTG3 devices as a function of storage time

in dark cabinet with a relative humidity less than 10% at room temperature.

achieved with the best CsPbI;—OTG3 PSCs was very consistent
with the PCE obtained from the -V measurements. In con-
trast, the internal photon-to-current efficiency spectrums for
the best CsPbI;-OTG3 device (Figure 5d) suggested that the
incorporation of OTG3 had little influence on the charge extrac-
tion efficiency of the PSCs. The integrated current density was
calculated to be 15.87 mA cm™, in good agreement with the
Jsc obtained from the -V characterization. To investigate the
charge carrier dynamics in perovskite solar cells, we carried
out a transient photovoltage (TPV) analysis to characterize the
charge recombination lifetime in the PSCs (Figure 5e). The
fact that the rate of decay of the TPV was substantially slower
in the CsPbI;—OTG3 device (T = 9.64 us) than in the CsPbl;
(t=5.93 us) further explains the reduced charge recombination
and improvement of V. in the CsPbI3-OTG3 PSCs.

In addition to its higher photovoltaic performance, the PSCs
based on CsPbI;-OTG3 also exhibited better stability than those
based on CsPbl; when kept in a dark cabinet with the relative
humidity (RH) less than 10% at room temperature (Figure 5f).
The device based on CsPbI;-OTG3 without any encapsula-
tion still retained about 85% of its initial PCE after being aged
for 30 days. Nevertheless, the PCE of the CsPbls-based device
dropped rapidly, the device degraded completely after 3 weeks of
storage with the perovskite layer slowly changed to light yellow.
Besides, further experiment is conducted to reveal the device sta-
bility in a high-humidity condition. As illustrated in Figure S16
(Supporting Information), the CsPbI;—OTG3 device also exhibits
a small PCE loss of 16% after aging for 7 days in 35-40% RH,
but the control one degraded in just 1 day. In addition, the device
based on CsPbI;—OTG3 maintained 88% of its initial PCE after
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200 h of exposure to light in dry air and was therefore much
more stable than the device based on CsPbl; without an OTG
capping layer (Figure S17, Supporting Information).

In summary, we first proposed a strategy to stabilize the black
phase of all-inorganic CsPbl; perovskite that involved system-
atically controlling the distortion of the corner-sharing [PbIg]*
framework via a large steric effect associated with organic ter-
minal groups. Theoretical calculations and experimental studies
demonstrated that the steric hindrance due to the organic
terminal groups could maintain the linearity of the Pb—I—Pb
bonds and thus suppress the octahedral tilting of adjacent
[PbIg]* units in CsPbl;. The phase transition resistance against
moisture or polar solvents was thereby significantly increased.
Moreover, organic terminal groups could also passivate the
surface electronic trap states via efficient coordination between
carboxylate moieties and undercoordinated Pb%** defects. The
result was an extension of the carrier recombination lifetime of
the perovskite absorber. By the modification of CsPbl; perov-
skite layer with OTG molecules, we achieved a stabilized PCE
of 13.2% for the inverted planar PSCs, which is the highest
efficiency obtained by the all-inorganic PSCs with an inverted
structure. In addition, the stability of the optimized device in
an ambient environment was excellent and superior to that of
the pristine device. We believe that this work also provides new
insight into the phase-stabilizing mechanism of CsPbl; perov-
skite that will lead toward highly efficient and stable perovskite
solar cells. Further study should be done to investigate the
impact of organic terminal groups on the stability and photo-
voltaic performance of all-inorganic perovskite solar cells based
on other types of absorbers such as CsPbl,Br and CsPbIBr,.
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Experimental Section

Device Fabrication: The FTO-coated glasses were etched with zinc
powder and 1 m HCl to obtain patterned substrates. The patterned
substrates were then washed with detergent, deionized water, ethanol,
and acetone for 20 min each. After being dried with a stream of N,, the
substrates were treated with an ultraviolet plasma for 30 min to remove
organic residues. Then, poly(bis(4-phenyl) (2,4,6-trimethylphenyl)amine)
(PTAA) dissolved in toluene at a concentration of 5 mg mL™" was spin-
coated onto the FTO substrate at a speed of 6000 rpm for 30 s, and
the substrate was then annealed at 120 °C for 20 min. The perovskite
precursor solution composed of 0.8 v HPbl; and 0.8 m Csl in N,N-
dimethylformamide without or with the addition of OTG molecules
(0.1-1% in molar ratio) was then stirred at 60 °C overnight, and the
resulting solution was spin-coated on the PTAA layer (preheated at
60 °C) at 2000 rpm for 35 s. The substrate was then annealed at 90 °C
for 5 min and 150 °C for 20 min. A layer of [6,6]phenyl C61 butyric acid
methyl ester (PCBM) was then deposited by spin-coating 25 mg mL™" of
PCBM chlorobenzene solution onto the perovskite film at 800 rpm for
30 s and heating at 70 °C for 10 min. Bathocuproine (BCP) was then
coated onto the PCBM layer by depositing 140 uL of methanol-saturated
solution drop by drop at 6000 rpm for 30 s followed by annealing at
70 °C for 5 min. All of these steps were conducted in a N,-protected
glove box in which the partial pressures of O, and H,O were less than
0.01 ppm. Finally, a 100 nm layer of silver was thermally evaporated onto
the as-prepared films to serve as an electrode under high vacuum (lower
than 2 x 107* Pa).

Film Characterization: A field-emission scanning electron microscope
(JSM-7800F Prime, JEOL) was used to observe the morphology of
the as-obtained perovskite films. The steady-state photoluminescence
spectrum was measured with a Horiba Fluoromax-4 fluorescence
spectrometer using a 500 nm excitation light source. The time-resolved
photoluminescence decay was recorded with a Horiba Fluorolog-3 Time
Correlated Single Photon Counting system with the excitation wavelength
fixed at 440 nm. The XPS analysis was carried out on a Kratos AXIS Ultra
DLD spectrometer with an Al Ko X-ray source. The XRD patterns were
measured on a Rigaku Ultima IV powder X-ray diffractometer using Cu
Ko radiation source with a scan rate of 5° min~'. The UV-vis absorption
spectra of the perovskite samples were recorded with a Shimadzu
UV 2450 spectrometer. TGA measurements were conducted on a
thermo gravimetric analyzer (Pyris 1 TGA) in the nitrogen atmosphere
with a heating rate of 10 °C min~'. Liquid-state "H NMR analysis was
performed on the 600 MHz nuclear magnetic resonance spectrometer
(Avance 111600 MHz) using d6-DMSO as deuterated solvent. ToF-SIMS
measurements were performed using the focused ion beam ToF-SIMS
spectrometer (GAIA3 GMU Model 2016, Czech). A 30 keV Bi* ion
beam was used as the primary ion beam to peel the samples with an
analysis area of 5 X 5 um?. The linear voltage sweep analysis used to
investigate the space charge limited current curves was performed on
a multifunctional electrochemical workstation (Zahner, Germany), with
a constant step voltage of 20 mV and a scan window from 0 V to 4 V.

Device Characterization: J-V curves of the PSCs were measured with a
digital source meter (Keithley 2400) under simulated solar illumination
of 100 mW cm=2 (AM 1.5G). The intensity of the light source was
determined with a standard silicon reference cell (Wacom Denso Co.,
Japan). The measurements were conducted by a reverse (from 1.2 to
—0.2 V) or forward (from —0.2 to 1.2 V) scan. The step voltage and delay
time were fixed at 10 mV and 30 ms, respectively. Monochromatic internal
photon-to-current efficiency spectral measurements were characterized
by using a monochromatic incident light with an irradiance of 1 x 10'
photons cm=2 s7! in direct-current mode. The TPV measurement was
recorded on a multifunctional electrochemical analysis instrument
(zahner, Germany). The emission light was generated by a pulse of
white light incident on solar cells under open-circuit conditions. No
background light was applied. The photostability of the PSCs was tested
with continuous illumination from a white LED lamp (100 mW cm™2).
The devices were put in a glass dry box with a relative humidity of less
than 10%. Ultraviolet light (<420 nm) was cut off with an optical filter.
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First-Principles Calculation: Geometry optimizations of the OTGT,
OTG2, and OTG3 molecules were conducted on the Guassian
09 program by using B3LYP and the all-electron double-& valence
basis sets of 6-31G* with default spin mode at the gas phase.[*>46]
Vibrational frequency calculations were also used to ensure that the
optimized structure of the dye molecule had no imaginary frequency.
First-principles calculations based on the CsPbl;—OTG models with
water molecule absorption were carried out in the framework of density
functional theory as implemented in the Vienna Ab Initio Simulation
Package (VASP) program.[*’l The generalized gradient approximation
in the form of Perdew—Burke—Ernzerhof was used for the exchange-
correlation function.3® The plane-wave kinetic energy cutoff was fixed
at 380 eV, and the interactions of van der Waals forces were simulated
by employing the DFT-D model.¥¥l Surface slabs were simulated
as Pbl,-terminated (001) slabs in the cubic structure, which has
three layers of [Pblg]*~ units in total. About 20 A vacuum space was
introduced on the top of each slab surface to reduce the interaction
between adjacent slabs.

Supporting Information

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