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Abstract

Perovskite materials are attractive candidates as emitting layers in light-emitting diodes due to
their excellent optical and electrical properties. Effective charge radiative recombination is a
key to target high-efficiency perovskite light-emitting diodes (PeLEDs). State-of-the-art
effective passivation chemicals in PeLEDs mostly belong to organic chelating molecules,
associated with like molecular detachment in the device operation, which simultaneously
degrades the performance especially the operational stability of the devices. Here, a silane
material tetraethoxysilane (TEOS), which can be crosslinkable to avoid any likely detachment
from perovskite film, is incorporated into the perovskite film to enhance film radiative
recombination and stability. An oxo-bridged silica network anchored with perovskite is formed
after the TEOS in-situ crosslinking process. It is found that the lone pair electrons in TEOS
network can coordinate with the undercoordinated Pb** of perovskite. Consequently, defect
states in perovskite film are dramatically diminished, which enhances radiative recombination.
The photoluminescence intensity of resultant perovskite-TEOS film is enhanced by 40% over
that of the pristine one. The average photoluminescence lifetime of perovskite-TEOS film
reaches 58 ns, enhanced by 65% over that of the pristine perovskite film of 35 ns. As a result,
a green PeLED achieved an external quantum efficiency of 16.6% with improved working
stability. This work presents a facile strategy targeting efficient and stable perovskite devices
via utilizing detachment-free self-crosslinked ligands.
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Introduction

Perovskite materials attract wide attention in the field of light-emitting diode (LED) owing to
their excellent optoelectrical properties such as high photoluminescence quantum efficiency
(PLQE), widely tunable emission range, and superior color purity.[1-4] Since a room-
temperature perovskite LED (PeLED) with an external quantum efficiency (EQE) below 1%
was reported,[5] several strategies including doping,[6-8] confinement,[9-11] colloidal
nanocrystal,[12-16] and passivation[17-19] have been witnessed to enhance the device
performance. Up to now, impressive efficiencies have been achieved in near-infrared, red, green
and blue colors,[20-23] and the champion EQE has reached 21.6% in near-infrared PeLEDs.[24]
Radiative recombination of injected charges followed by emission of photons is the critical
process of efficient PeLEDs. However, due to the small exciton binding energy in bulk three-
dimensional halide perovskites, electron-hole pairs display a large possibility of dissociation
instead of radiative recombination. Two-dimensional (2D) perovskite materials with a
quantum-well structure present an alternative method to dramatically enhance the exciton
binding energy, due to their dielectric or quantum confinement.[25, 26] Phenylethylammonium
(PEA) bromide was incorporated into a precursor solution as chelating agent to confine the
perovskite growth, where there is strong interaction between free pair electrons of nitrogen in
PEA and Pb*" in perovskite, which strengthened the ratio of radiative recombination via the
funneling mechanism. A quasi 2D perovskite in the resultant film delivered an infrared emitting
device with an EQE of 8.8%.[27] Similarly, naphthylmethylamine (NMA) bromide was utilized
as chelating agent to confine perovskite growth, and an infrared emitting device with an EQE
of 12.7% 1is achieved due to the increased radiative recombination in multiple quantum
wells.[28] Unfortunately, the incorporation of these organic constituents (i.e. PEA, NMA)
likely blocks the energy funneling process among guasi-2D perovskite materials due to their
phase aggregation between organic ligand and perovskite.

To resolve this issue, an cyclic oligomers of ethylene oxide, consisting of the repeating unit
being ethyleneoxy which can interact with organic ligand and cations in perovskite, is
incorporated into perovskites film to suppress the phase aggregation as well as anchoring

surface passivation agent simultaneously, and the resultant film offer a green-emitting device



with an EQE of 15.5%.[29] Meanwhile, poly(2-hydroxyethyl methacrylate), each monomer
consisting of one ester and one hydroxy groups which can strong chelating with lead in
perovskite, is incorporated to reduce the defect state, and an infrared emitting device with an
EQE of 20.1% is achieved.[30] As aforementioned above, all the ligand chelating with lead in
perovskite used for reducing defect state is organic small molecule, either detachment from lead
or self-aggregation would occur, which would deteriorate the PeLED device performance in
the operated process especially at high voltage. Passivation is an effective solution to eliminate
defects and consequently reduce non-radiative recombination losses.[31] Lewis bases
demonstrated a general passivation effect in perovskite solar cells.[32-36] The lone pair
electron groups on Lewis bases, such as hydroxyl groups (-OH), carboxyl groups, and carbonyl
groups, can coordinate with the undercoordinated Pb** in perovskite materials, which can
passivate the defect states effectively. Meanwhile, crosslinking method is promising to improve
the quality of perovskite nanocrystals.[37]

Herein, a Lewis base silica tetracthoxysilane (TEOS), consisting of four hydroxy groups, is
incorporated into perovskite film to anchor with lead in order to suppress the defect states.
Compared with previous passivation additives, [30, 38, 39] TEOS, which is not vaporized, not
only has the passivation effect, but also self-crosslinks into a network during the formation
process of perovskite film. The TEOS is polymerized into a network after the hydrolysis
processes, which would avoid any likely detachment from perovskite. The PL intensity of
resultant perovskite with TEOS (perovskite-TEOS) is enhanced by 40%, compared with that of
the pristine one. In addition, the average PL lifetime of perovskite increased from 35 ns to 58
ns after incorporating TEOS. Finally, radiative recombination is enhanced, and an EQE of 16.6%

is achieved in green PeLEDs with improved stability.

Experimental section

Materials and devices fabrication
For the 2D PEA,Cs,_1PbnBr3n+1 perovskite film fabrication, the precursor solution was prepared
by dissolving CsBr (0.2 mmol), PbBr; (0.2 mmol), PEABr (0.08 mmol), and crown (4.0 mg) in

1 mL DMSO solution with or without 5 uLL TEOS, followed by stirring for 4 h. Cleaned ITO



substrates were treated by oxygen plasma for 15 min. The nickel oxide (NiOx) and poly(9-
vinlycarbazole) (PVK) film were deposited onto the indium tin oxide (ITO) glass according to
the previous report.[40] Afterwards, the perovskite precursor solution was spin-coated onto the
NiO/PVK film at 1000 rpm for 5 s and 4000 rpm for 55 s, and then annealed at 100 °C for 5
min in a nitrogen glovebox. 2,2°,2”°-(1,3,5-benzenetriyl) tris-(1-phenyl-1Hbenzimidazole)
(TPBi, 40 nm), lithium fluoride (LiF, 1 nm) and aluminum (Al, 100 nm) were evaporated onto
the perovskite film sequentially in a thermal evaporation chamber with vacuum pressure of
lower 2x10° mbar. The active area of device is 0.09 cm?.

DFT computational method

The DFT calculations were implemented in the Vienna ab initio simulation package (VASP).[41,
42] The Perdew-Burke-Ernzerhof (PBE) functional [43, 44] was used to describe the electron-
electron exchange correlation and the projector augmented wave (PAW) method [45] was
chosen to describe the ion-electron interaction. We also considered the van der Waals
interaction in the systems by using DFT-D3 correction.[46] The kinetic energy cutoff for the
plane wave basis sets was defined as 500 eV. The structures are relaxed until the forces acting
on all atoms are less than 0.02 eV A™!. The 2x2 supercell associated with 2x2x1 Morkhost-
Pack k-point grids are used.

Device characterization

The crosslinked network on 2D perovskite was investigated by FTIR spectrometer (Bruker
Optics, VERTEX 70). The top surface morphology and cross-sectional images of complete
PeLED devices were acquired by a field emission SEM (Zeiss Spura55). Energy dispersive X-
ray detector (EDX) was investigated by SEM (JEOL, JSM-7900F). Surface morphology and
root-mean-square (RMS) roughness were measured by atomic force microscopy (AFM, Veeco
Multimode V). Crystal structure determination of 2D perovskite with and without TEOS were
investigated by X-ray diffractometer (PANalytical B.V. Empyrean, Cu Ka source). Absorption
was measured by a UV-Vis spectrophotometer (Specord S600). Steady-state PL spectra and
time-resolved PL spectra were measured by a fluorescence spectrophotometer (HORIBA-FM-
2015). XPS spectra were recorded from an X-ray photoelectron spectrometer (XPS-AXIS Ultra
HAS, Kratos). Optoelectronic parameters were tested by a photoresearch spectrometer PR670

and a Keithley 2400 source-meter.



Results and discussion

The device structure is ITO/NiO,/PVK/perovskite/TPBi/LiF/Al. The perovskite emitting layer
(~60 nm) is 2D PEA,Cs,_1Pb,Br3n+1 film with or without TEOS (Figure S1), where <> is the
layer number of the perovskite nanoplatelet. The alkoxy group of TEOS can be gradually
hydrolyzed and converted into the silanol in the perovskite solution. Then, the hydrolyzed
TEOS builds a crosslinked network,[47] as exhibited in Figure la. Figure 1b illustrates the
formation procedure of a crosslinked TEOS-perovskite film. Associated with perovskite phase
formation, hydrolyzed TEOS is polymerized into a network in situ. Additionally, due to the
interaction between the Pb*" on perovskite and the oxygen on TEOS network, TEOS is likely
anchored with perovskite, and consequently, a composite of crosslinked TEOS and 2D

perovskite film is built.
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Figure 1. Formation schematic of (a) crosslinked TEOS network and (b) crosslinked TEOS-

2D perovskite composite film.



Fourier transform infrared spectroscopy (FTIR) measurements confirm that there are numerous
hydroxy groups in the composite film. As shown in Figure 2a, according to FTIR spectra of
perovskite and TEOS, there are strong vibrational peaks located at 1115 cm™ and 1090 cm™ in
the TEOS film, which are ascribed to the longitudinal optical and the transversal optical modes
of the Si-O-Si stretching vibrations, respectively.[47] These vibrations verify the existence of
oxo-bridged silica formation in the composite film. In addition, it can be inferred that there are
Si-OH groups in the TEOS film according to vibration mode peak at 964 cm™'. There are two
strong peaks at 1082 cm™ and 957 cm™! in the perovskite-TEOS film, which are ascribed to Si-
O-Si and Si-OH groups, respectively. The FTIR measurement reveals TEOS hydrolyzation
occurring. It worth noting that the peaks for perovskite-TEOS film are shifted to lower
wavenumbers, which is likely ascribed to interaction between undercoordinated Pb** on
perovskite and oxygen on the TEOS network.[48, 49] The Lewis adduct decreases the
stretching force and consequently produces a lower wavenumber shift of the vibrations.
Generally, a crosslinked network would be formed once TEOS hydrolyzing, therefore, it would
be deduced that Si-O-Si network is built between the grain boundary of perovskite. EDX
mapping further determines the existence of TEOS in perovskite films, according to the spatial
distribution of Cs, Pb, Br and Si elements in Figure S2.

Scanning electron microscopy (SEM) images of perovskite and perovskite-TEOS deposited
onto NiOx/PVK are shown in Figures 2b and ¢, no obvious difference is observed. Atomic force
microscopy (AFM) measurements were also conducted to probe the surface morphology. As
shown in Figure S3, both films display a similar root mean square roughness (RMS) value of
~1.6 nm. The above SEM and AFM measurements indicate that TEOS displays minimum
influence on the film morphology leading to uniform and full covered 2D perovskite films.
Furthermore, the smooth surfaces (i.e., low RMS) is beneficial for attaining high device
performance.[50, 51] Figure S4 corresponds to the absorption curves of 2D perovskite films
with and without the TEOS, and the same absorption peaks are observed. This indicates the
incorporation of TEOS does not change the bandgap (~2.35 eV) of the perovskite. Meanwhile,
X-ray diffraction patterns are measured to study the crystallinity of perovskite films, as shown
in Figure S5. The diffraction peaks with 26 values of 15.2° and 30.5° correspond to the (100)

and (200) plane reflection, respectively.[29] According to the Scherrer equation, the perovskite



crystal sizes extracted from (200) peaks are ~8.0 nm and ~7.8 nm for with and without TEOS,
respectively. These phenomena demonstrate that the incorporation of the TEOS has a negligible

influence on the optical properties and the crystal structure of 2D perovskite films.
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Figure 2. (a) FTIR spectra of perovskite, TEOS network and perovskite-TEOS. SEM image of
(b) perovskite and (c) perovskite-TEOS films on NiO/PVK films. (d) Steady-state PL spectra,
(e) Time-resolved PL spectra, and (f) XPS spectra for Pb 4f7, and Pb 4fs, of perovskite and

perovskite-TEOS films.

TEOS incorporation can enhance the steady-state photoluminescence (PL) intensity as well as
PL lifetime. As shown in Figure 2d, both PL peaks are located at 514 nm. The PL intensity of
perovskite-TEOS is enhanced by 40%, compared with that of the pristine one. Meanwhile, the
PL lifetime increases in perovskite-TEOS, as shown in Figure 2e. According to a triexponential
fitting, the average PL lifetime of perovskite-TEOS film reaches 58 ns, enhanced by 65% over
that of the pristine perovskite film (35 ns). The PL quantum yield (Figure S6) of perovskite
films without and with TEOS are 43.5% and 56.5%, respectively. The undercoordinated Pb**
ions on 2D perovskite serving as defect states form deep-level defect state centers, which
enhance the probability of charge non-radiative recombination events.[52] The oxygen on the
TEOS involving lone pair electrons can coordinate with these Pb** ions. This can passivate the

electronic defect states, and non-radiative recombination channel is suppressed. X-ray



photoelectron spectroscopy (XPS) provides insight into the local binding environment of
surface chemical states and the binding energy of the atoms. As shown in Figure 2f, the core
levels of both peaks of Pb 4f7,, and Pb 4fs, shift toward lower binding energies, which indicates
that the lead chemical environmental has changed in the presence of TEOS. The lone pair
electrons on TEOS could donate electrons to undercoordinated Pb*" ions, which coordinates
Pb?" ions, resulting shift to lower binding energies.[53]

The space charge limited current (SCLC) is measured to estimate the defect state density (Ny)
with a structure of ITO/NiOx/PVK/perovskite/MoOs/Au, as shown in Figure S7. The N; can be
extracted from the defect-state-filled limited region on the curves according to the following

equation:

ZVTFLSEO
Ne= =i

where ¢ is the relative dielectric constant of perovskite,[54] € is the vacuum permittivity, e is
the elementary charge, L is the thickness of the perovskite film, V. is the onset voltage of the
defect-state-filled limit region. VrrL values extracted by fitting the curves are 0.53 V and 0.34
V for without/with TEOS perovskite films, respectively. The corresponding N; of the pristine
perovskite film is 1.04 x 10'7 cm?. Upon incorporating TEOS, N reduces to 6.7 x 106 cm?.

The reduced N;indicates the effective passivation effect of the TEOS network.
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Figure 3. (a) Br defect-containing (100) surface of CsPbBr3. (b) Adsorption configuration of

Si(OH)4 on the CsPbBr; surface with Br defect.

The density functional theory (DFT) calculations are performed to determine the passivation
mechanism of TEOS on CsPbBr; surface, as shown in Figure 3. The (100) slab of the cubic
CsPbBr; terminated by Cs and Br atoms was chosen as the surface model. When there is a Br

vacancy on the surface, the subsurface Pb atom would become unsaturated, which leads to non-



radiation recombination.[35, 36] According to the DFT calculation, the Si(OH)4 can effectively
fill the Br™ vacancy by decreasing the surface free energy, and thus reduce the non-radiation
recombination. The adsorption energy of Si(OH)s on the Br vacancy-containing CsPbBrs
surface is as large as 1.05 eV, which indicates Si(OH)4 could successfully passivate the defect
state and diminish surface recombination.

Figure 4a is the cross-sectional SEM image of devices. NiOx and the PVK are deposited onto
ITO in sequence as the hole injection and transport layer, respectively. The perovskite film that
is deposited onto PVK film acting as the emitting layer. TPBi and LiF are thermally evaporated
onto the perovskite film as the electron transport and injection layer. As shown in Figure 4b,
the band energy level diagram of PeLEDs shows the cascade energy level of NiOyw/PVK, which
favors reducing the hole injection barrier.[40] Meanwhile, LiF/TPBi can improve the electron
injection from cathode to perovskite. Excitons are formed from the injected holes and electrons
due to the quantum confinement of 2D perovskite materials, followed by photon emission

through the radiative recombination.
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Figure 4. (a) Cross-sectional SEM image and (b) Band energy level diagram of PeLEDs.

Figure 5 and Figure S8 show the electrical characteristics of PeLEDs, and the performances are
summarized in Table S1. Figure 5a is the electroluminescence (EL) spectra of a perovskite-
TEOS device under different voltage. The EL emission peak of the device is located at 514 nm
with a full width at half maximum of 23 nm, which is comparable with the previous PeLED.[29]
The EL can keep a stable emission peak at 514 nm with the voltage increase from 4.0 V to 7.0
V. The inset in Figure 5a is a photograph of a demo of a PeLED with an area of ~1 cm? under

5 V bias. Furthermore, the corresponding Commission Internationale de 1’Eclairage color



coordinate is at (0.12, 0.74) as shown in Figure S9. Meanwhile, the EL emission peak (Figure
S10) of the reference device is also located at 514 nm. However, the luminance of the reference
device is lower than that of perovskite-TEOS one, as shown in the luminance-voltage curves in
Figure 5b. The maximum luminance of perovskite-TEOS device reaches 11330 cd/m? at 6.5 V.
The maximum luminance of the reference device is 9260 cd/m? at 6.5 V. The enhanced
luminance upon perovskite-TEOS should be ascribed to the passivation of defect states.
Additionally, according to the current density-voltage (J-V) curves in Figure 5b, the device
without TEOS demonstrates a poor diode characteristic before the open voltage of 3.0 V, which
is due to the leakage current. Upon incorporating TEOS, the leakage current is suppressed to as
low as ~10"* mA/cm? when the voltage is lower than 2.5 V, and consequently, the device shows
better diode characteristics. The current efficiency (1) and EQE curves are shown in Figure Sc.
The reference device presents a ne of 44.2 cd/A, corresponding to an EQE of 14.0%. However,
the n. improves to 54.4 cd/A in a TEOS based device. And the corresponding EQE reaches
16.6%. Statistical data of devices are summarized in Table S2. Average values of EQE

are16.08+0.61% and 13.00+0.53% for devices with and without TEOS, respectively.
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Figure 5. (a) EL spectra of a PeLED with perovskite-TEOS as the emitting layer. The inset

shows a photograph of a demo of a ~1 ¢cm? device under 5 V bias. (b) J-V and luminance-



voltage curves, (c) n. and EQE curves, and (d) working stability of devices with and without

TEOS network.

The device operational stability was also explored, as shown in Figure 5d of luminance changed
with the operation time, where the initial luminance is 1000 cd/m2. The half-lifetime of
perovskite-TEOS device displays two minutes, which is double of reference one. When the
initial luminance is 100 cd/m?, the half-lifetime of perovskite-TEOS device reaches 28 minutes,
as shown in Figure S11. Joule heat caused by non-radiative recombination is likely a
dominating factor resulting in poor working stability.[55] The defect site can trap the injected
charges, and then cause the non-radiative recombination of these charges directly. Meanwhile,
the excitons formed from the injected charges also have a large quenching probability. The
excitons formed in the perovskite film are neutral. The defect states of undercoordinated Pb**
ions in the 2D perovskite are equal to a charged system. These Pb** ions break the neutral
property of excitons, and then cause these excitons quenching instead of radiative
recombination.[56] Therefore, defects have to be passivated. In this case, upon charge
compensation of the undercoordinated Pb*" ions by the TEOS network, both the non-radiative
recombination events and exciton quenching phenomena are suppressed. Consequently, the
operational stability of PeLEDs is improved. Additionally, other traditional passivation agents,
including 2,2’-(ethylenedioxy)diethylamine (EDEA) with amine group,[24] trioctylphosphine
oxide (TOPO) with phosphate group,[31] and poly(ethylencoxide) (PEO) with ethoxide
group,[57] were chosen as alternative additives in PeLEDs to compare the working stability.
The half-lifetime of PeLEDs were 42 s, 11 min, 18 min, and 28 min with different additives of
EDEA, TOPO, PEO and TEOS, respectively (Figure S11). Because EDEA, TOPO, and PEO
would likely be detached/vaporized during the device operation process, the devices with these
materials demonstrated relatively poor stability. Crosslinked TEOS could anchor with
perovskites owing to the strong interaction between TEOS and perovskites, which resulted in

TEOS being more stable during working process, realizing a longer half-lifetime.

Conclusion



In conclusion, we have demonstrated a self-crosslinkable TEOS network in perovskite film to
improve the efficiency of PeLEDs. The lone pair electrons from TEOS network coordinate with
the undercoordinated Pb?* ions in 2D perovskite through the formation of a Lewis adduct. This
interaction passivates the defect state of the perovskite film. The lower concentration of defect
states is favorable for reducing non-radiative recombination events. The perovskite-TEOS LED
yields an EQE of 16.6% with a luminance of 11330 cd/m? The perovskite-TEOS device
achieves two times half-lifetime than the reference one. This work proposed as an alternative

path to target high performance perovskite devices via an in-situ crosslinked strategy.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the online version.
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