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High-performance large-area quasi-2D perovskite
light-emitting diodes
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Serious performance decline arose for perovskite light-emitting diodes (PeLEDs) once the
active area was enlarged. Here we investigate the failure mechanism of the widespread active
film fabrication method; and ascribe severe phase-segregation to be the reason. We thereby
introduce L-Norvaline to construct a COO~-coordinated intermediate phase with low for-
mation enthalpy. The new intermediate phase changes the crystallization pathway, thereby
suppressing the phase-segregation. Accordingly, high-quality large-area quasi-2D films with
desirable properties are obtained. Based on this, we further rationally adjusted films’
recombination kinetics. We reported a series of highly-efficient green quasi-2D PeLEDs with
active areas of 9.0 cm2. The peak EQE of 16.4% is achieved in <n > = 3, represent the most
efficient large-area PeLEDs yet. Meanwhile, high brightness device with luminance up to 9.1 x
104 cd m~2 has achieved in <n> = 10 film.
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etal halide perovskite materials have been considered as

one of the most promising candidates for next-

generation light-emitting diodes (LEDs) application,
owing to their superior optoelectronic properties!~8. The external
quantum efficiency (EQE) of perovskite LEDs (PeLEDs) has
already exceeded 20% after several years of development®~12.
Accordingly, PeLED-based lighting and display innovation could
function as an excellent complement to the current technologies,
thanks to their high performance. However, the very efficient
devices are still restricted to small device where the active areas
were currently limited to a few square millimeters. Serious per-
formance decline was always observed when attempted to fabri-
cate large-area PeLEDs. Although novel technologies such as
blade-coating have provided a new idea for large-area perovskite
LED fabrication, the device performance derived from these
methods is still far inferior to that of the spin-coated devices!3.
The small area significantly impedes their commercialization,
particularly hindering their application in display and solid-state
lighting which require large emitting-area. The problem urgently
required a remedy.

Quasi-2D perovskite films with self-assembled multiple-
quantum-well structure represent an important category of per-
ovskites and have achieved great success in small-area PeLEDs
due to their outstanding optical properties!4-1°. Highly emissive
quasi-2D films can be obtained via simple spin-coating by care-
fully regulating their crystallization kinetics. More importantly,
the fabrication does not require any additional purification or
ligand-exchange step, which is an advantage compared to the
other category of perovskites. The single-step solution-proces-
sable characteristics enable quasi-2D perovskite an ideal candi-
date for large-area device fabrication, because they are more
compatible with roll-to-roll or inject printing manufacture.

Fast and homogeneous crystallization is the prerequisite to
guarantee high-quality quasi-2D film formation, which is also the
most important step in the whole PeLEDs fabrication?%-21, To
date, “antisolvent-assisted” spin-coating was proved to be the
most effective approach to fabricate high-quality quasi-2D
films16-2122, Basically, antisolvent speeds up precursors to reach
the supersaturated state, and subsequently induced rapid and
extensive nucleation. Consequently, smooth and dense quasi-2D
films with reduced grain size were generated, which greatly
eliminates the carrier shunting paths and non-radiative recom-
bination centers. Thus, the accurate addition of antisolvent is
vitally important; however, in reality, the time-window for drip-
ping antisolvent is ultra-narrow?>?4, When the device area is
enlarged, whether antisolvent can uniformly diffuse around the
large-area substrate in such a narrow time, to initiate the rapid
and homogeneous crystallization is questionable. Moreover,
antisolvent has been demonstrated to be able to modulate the
film’s energy landscape??, thereby influencing the film’s emission
wavelength and corresponding photoluminescence quantum yield
(PLQY). Hence, whether the antisolvent inhomogeneous dis-
tribution will cause the optical inhomogeneity is another aspect
that needs to be studied. Nevertheless, many factors are still
unclear in large-area quasi-2D PeLEDs fabrication. Hence, ver-
ifying the validity of the “antisolvent-assisted” approach, explor-
ing the failure mechanism, and seeking new solutions are
essential steps for developing high-performance, large-area quasi-
2D PeLEDs.

Here, quasi-2D perovskite systems with a composition of
PEA,(FA(;Csg3),—1Pb,Brs, 1 (n=2,3, ..., o) are firstly employed
to fabricate large-area PeLEDs. However, we find out that the tra-
ditional “antisolvent-assisted” approach does not work well for
large-area PeLEDs manufacture. Poor film morphology and low
PLQY were observed especially in the edge-region of these films.
Moreover, the inhomogeneity brings in additional shunting paths,

leading to huge leakage current to deteriorate the device. The
problems were attributed to severe phase-segregation (2D and 3D
phases), since the crystal growth rates and preferable orientation
between these two phases are dramatically different. We conclude
that the key to generate efficient large-area quasi-2D PeLEDs is to
suppress the severe phase-segregation, particularly in the edge-
region of the device. Consequently, inhibiting 2D and 3D phases’
precipitation is critical, which can be realized by modulating the
intermediate phase to change the crystallization pathway. Accord-
ingly, with the help of the DFT simulation, L-Norvaline (NVAL) is
selected to use to construct the new COO~-coordinated inter-
mediate phase, which possesses quasi-2D geometry. The new
intermediate phase does change the crystallization pathway and
facilitate the formation of large-area, high-quality quasi-2D films
with desirable optical and electrical properties. We then correlate
the film’s emission behavior with their exciton binding energy (E;,)
and demonstrate the quasi-2D film’s E;, needed to be judiciously
regulated for the purpose of different PeLED applications. Taking
advantage of the above findings, here we reported a series of highly
efficient, large-area quasi-2D PeLEDs with active areas of 9.0 cm?.
The peak EQE of 16.4% has been achieved for PeLED with <n> =3
film, representing the most efficient large-area PeLED so far!3:25-28,
Meanwhile, high brightness device with a luminance up to 9.1 x
10*cdm~2 is achieved in <n>=10. Moreover, for small-area
devices (0.086 cm2), EQE up to 21.3% and luminance up to 1.4 x
10° cd m~2 have been realized, which is comparable to the state-of-
the-art devices reported to date. The work thus paves the way for
the future large-area PeLED manufacture.

Results

Large-area quasi-2D films fabricated by the “antisolvent-
assisted” approach. The “antisolvent-assisted” approach was
employed to fabricate large-area <n>=5 quasi-2D, PEA,(-
FA7Csg3)4PbsBr;, perovskite films to verify its validity in large-
area device fabrication. Here, <n> represents the average number
of inorganic layers in the multiple-quantum-well film. Replacing
FAT cations with an appropriate amount of Cs* cations has been
proved to reduce the grain size and trap density of the films?®. To
realize a high-quality large-area device, the uniformity of both
optical and electrical property in the whole film is highly
demanded. We thoroughly investigate the film’s physical prop-
erty, in particular, focusing on the properties difference between
center- and edge-area. We first study the film’s PL properties in
different regions to evaluate the film’s optical uniformity (Fig. la
and Supplementary Fig. 1). As shown in Fig. 1a, the PLQY at the
center-region exhibits high values that are comparable to the
small-area devices'>?!. However, the PLQY drops rapidly from
the center-region to the edge-region, illustrating severe optical
inhomogeneity. Transient absorption (TA) measurement was
conducted to analyze this optical discrepancy between different
regions (Supplementary Fig. 2). We extracted the fast component
decay constants (1;) of each phase by tracing the bleaching signals
in different timescales. As revealed, the decay rates for the center-
region are much faster than those for the edge-region, illustrating
better energy transfer efficiency, which can be the reason for
PLQY enhancement.

We then investigate the electrical properties in different
regions. As well known, leakage current under reverse bias is a
critical evaluation factor for LEDs. If a large reverse current exists,
it means the injected current can flow across the devices without
any contribution to light emission. Thus, minimizing the leakage
current at a low level is a prerequisite to achieve high EQE and
luminance efficiency>’. To extract the leakage current, large-area
quasi-2D PeLED with regular device architecture was fabricated,
then been cut into several pieces for characterization. As
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Fig. 1 Characterizations of the large-area quasi-2D film fabricated by the “antisolvent-assisted” approach. a PLQYs of the large-area quasi-2D film with
film area up to 25 cm? PLQY is present using a 5 x 5-pixel fashion to distinguish the center- and edge-region (excitation intensity at ~10 nJ cm=2).

b Current density-voltage (J-V) curve for the film at different regions, to illustrate different leakage current levels under reverse bias. ¢ SCLC
measurements and the extracted defect densities of the film at different regions. d AFM images of the film in different regions. GIWAXS patterns of the
film at e center- and f edge-region. g Schematic diagram shows the phase-segregation in the edge-region, and the corresponding non-radiative loss
pathways. h Growth kinetics and phase distribution of quasi-2D films without and with antisolvent.

illustrated in Fig. 1b, an order of magnitude higher leakage
current was observed at the edge-region compared to the central
one, indicating that additional electrical shunting paths or
pinholes exist. Furthermore, a space-charge-limited current
(SCLC) technique was utilized to characterize the film’s trap
densities (Supplementary Note 1). As shown in Fig. 1c, almost
five-times higher trap density was found at the edge sample,
demonstrating dramatically different electrical properties between
different regions.

To better understand the differences, atomic force microscopy
(AFM) was used to examine the surface morphology. As shown in
Fig. 1d, perovskite grains are uniformly distributed at the center
of the films, with a low root mean square roughness (R.M.S.) of
1.1 nm. In contrast, larger sheet structure together with pin-holes
were clearly observed at the edge sample, which results in high
surface roughness of 2.9 nm. A similar phenomenon was noticed
in the scanning electron microscope (SEM) images too (Supple-
mentary Fig, 3). According to previous reports3!, the large sheet
structure grains can be identified as 2D (n = 1) phases coacervate,
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which was also confirmed by SEM images with different <n>-
values (Supplementary Fig. 4). Grazing incidence wide-angle X-
ray scattering (GIWAXS) measurements further proved our
conclusions. As shown in Fig. le, Debye-Scherrer rings, (100)
and (110) planes, belonging to n>2 quasi-2D species, were
observed at high Q values space?4, suggesting the composition at
the center-region is dominated by the medium #n values (n>2).
While in the GIWAXS pattern of the edge sample, some
Debye-Scherrer rings at low Q values were emerged, which
ascribed to the (0k0) planes of the n=1 and n=2 species32.
Moreover, the GIWAXS data are consistent with the X-ray
diffraction (XRD) and steady-state UV-vis measurements
(Supplementary Fig. 3). Here, strong diffraction peaks and
absorption signals ascribed to 3D and 2D phases were clearly
observed at the edge sample. Consequently, differences in
crystallization rates and preferable orientation between 2D and
3D phases result in the formation of severe phase-segregation and
pin-holes, as well as surface roughness. In addition, in the 2D
phase, deep defect states will more easily to generate due to
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the bandgap broadening33. These defect states act as charge
carrier traps during the energy transfer process, thereby reducing
the energy transfer efficiency. Thus, ideally, we expect the quasi-
2D phases to be concentrated in the middle n-values, rather than
2D and 3D perovskite phases.

Failure mechanism investigation. We thus conclude phase-
segregation should ascribe to the inhomogeneous diffusion of
antisolvent, since the antisolvent could not uniformly diffuse to
the edge-region in a short time after the substrate area was
enlarged. Hence, different crystallization kinetics exist in different
regions. To confirm the hypothesis, we first carried out the
morphology and optical characterizations of the large-area per-
ovskite films without using antisolvent (Supplementary Fig. 5).
The similar morphology and spectroscopy at center- and edge
region proved that the evaporation rate difference in different
regions is not the main reason causing phase-segregation. Then,
we record the XRD pattern evolution as a function of time for the
films with and without antisolvent (Supplementary Fig. 6). Only
quasi-2D species with the medium #n-values (n > 1) can be found
in the case with antisolvent. By contrast, in the case of without
antisolvents, the 3D perovskite phase was observed immediately;
2D or quasi-2D perovskite phases emerged much later, which
directly lead to phase-segregation. The phenomena are consistent
with previous research®*-36. The phase-segregation not only
deteriorated the film’s electrical properties, but also decreased the
emitting efficiency due to the inhibited energy transfer, as illu-
strated in Fig. 1g.

We attributed the diverse crystallization behaviors arising from
chemical components’ spatial distribution difference between
surface and interior of the precursor, as well as the supersaturation
degree difference between center- and edge-region. According to
the classical LaMer model®’, in principle, the nucleation and
subsequent crystal growth take place when the monomer
concentration reaches the minimum nucleation concentration,
then driven by the degree of supersaturation. As shown in Fig. 1h,
when in the absence of antisolvent, due to the evaporation of the
solvent molecules on the surface, the precursor solution at the
liquid-solution interface first reaches a supersaturated state and
crystallizes. This top—down crystallization mode further leads to a
gradient distribution of phases in the quasi-2D film33. Since large-
volume organic ions (BAT/PEAT) tend to remain in the solution,
at the initial period of the nucleation, more Cs* or FA™ ions
concentrated on the surface of the solution to maintain electric
neutrality. Thus, inorganic slabs released from the precursor-
solvent complexes are consequently combined with more Cs™/
FA139, resulting in abundant large n or 3D perovskite phases.
Then, as the accumulation of large organic cations, 2D phases are
subsequently generated. On the contrary, once antisolvent
dripped, the precursors rapidly reached a high level of super-
saturation, resulting in spatial uniformly distributed nuclei. These
nuclei then initiate quasi-2D crystal growth, leading to homo-
geneous and narrow n-value distributed quasi-2D films.

Inspired by the above findings, we conceive to explore a new
quasi-2D intermediate phase with even lower nucleation barrier.
The quasi-2D intermediate phase should facilitate the succeeding
quasi-2D crystal growth and suppress the 3D one. Anion
engineering was proved to be an effective approach to modulate
intermediate phases, thereby manipulating the crystallization.
Particularly, carboxylate anion (COO™), as a bidentate ligand,
exhibits a strong binding affinity to perovskite precursors, which
will generate a new intermediate phase*%4l. Basically, the bond
between COO~ and Pb?* is the coordinate bond, which enables
COO™ to permanently occupy the X-site of resulting perovskites.
Thanks to the strong strength of covalent bonds, the new

COO~ coordinated intermediate phase should possess relatively
lower formation enthalpy in principle. That means the new
COO™-containing intermediate phase has priority over 3D phase
to precipitate in the crystallization. Following this trend, with the
help of DFT simulation, dipolar amino acid that contains both
COO~ and NH;* groups was selected. This is because the NH; T
groups will enable newly formed COO™-coordinated intermedi-
ate phase to adopt quasi-2D geometry.

Intermediate phase modulation. Here, a short-chain a-amino
acid, L-Norvaline (NVAL), was selected, since the molecular
configuration of NVAL allows NH;™ and COO~ groups to
occupy adjacent A- and X-site of the perovskite intermediate
phase at the same time. Figure 2a illustrated the schematic dia-
gram for the new crystallization pathway after introducing the
NVAL additive. The NVAL firstly coordinates with [PbBrg]4~
inorganic slabs in the precursor status, then as the evaporation of
solvent, NVAL incorporates within the quasi-2D crystal as an
organic spacer. Formation enthalpies were simulated (Supple-
mentary Note 2 and Supplementary Fig. 7) to evaluate whether
the COO~-coordinated intermediate phase with quasi-2D geo-
metry is favorable to form. As shown, once NVAL anchored on
the perovskite surface, formation enthalpy for this new inter-
mediate phase was determined to be —1.258 V. The value is
much lower than traditional PEA-anchored quasi-2D inter-
mediates (—0.242 eV), indicating the newly formed intermediate
phase is thermodynamically more favorable. In experiments,
coordination between NVAL and [PbBry]4~ inorganic slabs was
confirmed in Fourier transform infrared (FTIR) and 'H nuclear
magnetic resonance (NMR) spectroscopy (Supplementary Fig. 8).
In specific, the red-shift of C=0 stretching vibration peak, and
downfield-shift of proton resonance signals were clearly observed.

Along with the solvent evaporation, crystal growth upon the
nuclei gradually take place, which denotes as stage II and III
(Fig. 2a). As shown, once the NVAL coordinated intermediate
phase emerged, the resulting steric hindrance inhibits
the perovskite growth towards 3D configuration. To confirm
the findings, <n> =5 quasi-2D films were fabricated. Steady-state
UV-vis spectra at different times were recorded to monitor the
phase evolution (Fig. 2b, c¢). Without the NVAL, n=1,n=2, as
well as 3D phase clearly appeared in the film. Moreover, 3D phase
emerged prior to the 2D and quasi-2D phases as shown, further
demonstrating phase-segregation arose from nucleation barrier
differences. In contrast, in the NVAL-treated sample, quasi-2D
phases appeared almost at the same time, and the undesirable 3D
or 2D phase disappeared. The phenomenon implies that phase-
segregation has been substantially inhibited.

TA measurements were employed to detect the n-value
distribution and resulting energy transfer!>2l. Corresponding
TA spectra are shown in Fig. 2d, e. As revealed, the sample
without NVAL exhibits several dominated ground-state bleach
(GSB) peaks, which can be assigned as n =1, 2, 3, and 3D phases.
However, the film fabricated with NVAL additive displays
characteristic quasi-2D GSB peaks, but in the absence of n=1
and 3D phases. Based on the amplitude of initial GSB peaks, we
can qualitatively evaluate the relative contents of each » value
species?!. As shown in Fig, 2f, n = 1 and 3D phases dominated in
the film without NVAL, while the film with NVAL manifests
features of narrow n-value distributed quasi-2D perovskites. We
then estimate the energy transfer kinetics for these two samples
(Supplementary Fig. 9). As shown, NVAL-containing film shows
more efficient energy transfer compared to the film without
NVAL, as it possesses a better-graded energy landscape. To
explore whether other a-amino acids also have a phase
distribution regulation effect, we also introduced other additive
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Fig. 2 Modulate the intermediate phase via NVAL additive, to suppress the phase-segregation. a Schematic diagram for nucleation and growth
processes of quasi-2D perovskite without and with NVAL. DFT simulation indicated the NVAL surface-anchored intermediate phase possesses lower
formation enthalpy. b, ¢ Steady-state UV-vis spectra at different spin-coating times to probe the perovskite phase evaluation of the quasi-2D perovskite
films without and with NVAL. d, e TA spectra at selected timescales of the quasi-2D perovskite films without and with NVAL. f Relative contents of
different phases for quasi-2D perovskite films without and with NVAL, the relative contents were obtained according to the amplitude of GSBs in TA

spectra at 0.25 ps.

molecules (Supplementary Table 1 and Supplementary Fig. 10).
Unfortunately, due to the long NH;T-COO~ distance and limited
solubility of these amino acids, PLQY of the films and devices’
EQEs were still low.

Characterizations of the resulting large-area quasi-2D films.
The suppressed phase-segregation encouraged us to explore this
NVAL-treated approach into large-area quasi-2D film fabrication.
Thus, a 5.0 x 5.0 cm? large-area film was fabricated. As shown in
Fig. 3a, the corresponding quasi-2D film exhibits uniform and
bright emission under ambient conditions. The film was then cut
into 25 pieces to investigate emitting properties, respectively. As
shown, the film exhibits high PLQY with small variations among
different pieces, with the average PLQY value of ~80% (Fig. 3b).
In addition, the PL emission centered at 525 nm with a narrow
half-peak width of 21 nm (Supplementary Fig. 11) for all samples,
demonstrating excellent optical homogeneity.

Morphology and electrical property were then thoroughly
investigated by AFM and SEM characterizations (Fig. 3¢ and

Supplementary Fig. 11). The resulting films displayed dense and
smooth morphology, particularly possessing a low R.M.S. of
1.2 nm at the edge-region. TEM measurements also indicated the
significantly reduced grain size in the NVAL-containing film
(Supplementary Fig. 12). The improved film quality was ascribed
to the elimination of phase-segregation, since no 2D and 3D
phases have been observed. The corresponding phase distribution
was further characterized by the GIWAXS measurement (Fig. 3d).
In specific, no Debye-Scherrer rings at low Q values can be
observed in the edge-region sample, indicating the absence of 2D
phase, which is consistent with the TA data. Consequently, fairly
low leakage currents were observed for the whole film, indicating
that electrical shunting paths that previously exist in the edge-
region were eliminated (Fig. 3e). In addition, SCLC measure-
ments show reduced trap density over the entire film (Fig. 3f), in
agreement with other characterizations.

Recombination kinetics for quasi-2D films with different Ej,.
The high-quality large-area quasi-2D film lays the foundation for
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Fig. 3 Characterizations of the large-area quasi-2D film. a Digital photo of the resulting large-area quasi-2D perovskite film and the corresponding PLQY
in select regions. b Statistical PLQY for the 25 pieces films, which originate from different regions of the large-area quasi-2D film. ¢ AFM image and
d GIWAXS pattern of the film at the edge-region. e J-V curves of the film at different regions, to extract the leakage current level under reverse bias.

f Different region film's SCLC curves and the corresponding defect densities.

high-performing large-area PeLEDs realization. However, beyond
the film quality, the electroluminescence (EL) behavior is strongly
dependent on the material’s carrier recombination characteristics.
Especially for devices with different application purposes, such as
high current efficiency or high-brightness, a deep understanding
of the carrier recombination kinetics and then regulating the
emission behavior is highly demanded. Generally speaking, effi-
cient exciton recombination rate facilitates yielding high PLQY,
meanwhile, the exciton recombination rates positively correlated
to the material's E,**2. However, this does not mean a film
possessing high E;, is applicable for realizing high-performance
devices, because the E,, is also highly related to the Auger
recombination process*3. Auger recombination will cause effi-
ciency roll-off under high current density, significantly hindering
the LEDs to achieve high brightness**. Therefore, the E;, should
be judiciously selected. The structural tunability of quasi-2D
perovskite offers an opportunity to tune their E, and corre-
sponding carrier recombination kinetics. As is well known, E;, of
quasi-2D perovskites increases with decreased quantum-well
thickness*>. Basically, by adjusting <n>-values, the corresponding
quasi-2D perovskite films’ emitting behavior can be regulated.
To further understand the relationship between material’s Ej,
and corresponding carrier recombination kinetics, we fabricated
quasi-2D films, PEA,(FA, 7Cso3),.1Pb,Brs, 1, with <n>=3,5,7,
and 10. Morphology and SCLS measurements as well as
optical characterizations indicated that all films display high
uniformity without any noticed phase-segregation (Supplemen-
tary Figs. 13-18), demonstrating the versatility of this NVAL-
treated approach. We extracted the E, of different <n>-values
quasi-2D films from temperature-dependent PL spectra and
found the E, increases from 58 to 152 meV, when the <n>-values
decrease from 10 to 3 (Fig. 4a and Supplementary Fig. 19). We
then carried out the power-dependent PLQY measurements to

investigate their PL characteristics. As shown in Fig. 4b, the
<n>=3 film yielded a peak PLQY up to 91% under a low
excitation intensity of ~6.0 x 101> cm™3; and no PLQY decline
was observed when excitation density is lower than 1016 cm—3,
Whereas, as the <n>-values increased, the maximum PLQY
decreased, indicating overall lower radiative recombination
efficiency. Moreover, all the films exhibit PLQY roll-off under
high excitation density, and the observed roll-off thresholds
increased with increasing <n>-values.

According to the recombination mechanism, the carrier
recombination in the perovskite film is actually the sum of
monomolecular, bimolecular, and Auger recombination (Supple-
mentary Note 3)424546, Generally, ki, k,, and k; are defined as
recombination constants of monomolecular, bimolecular, and
Auger recombination, respectively. While in quasi-2D perovs-
kites, monomolecular recombination constant k; represents the
sum of radiative exciton recombination (kexciton) and nonradiative
trap-assisted recombination (ktrap)47. Thereby, the high PLQY
achieved in low <n>-value films can be understood as rapid
exciton recombination outcompete the trap-assisted recombina-
tion. Power-dependent PL,_, measurements further identified
the hypothesis (Fig. 4c). Under low carrier densities, first-order
dependence of PL,_, intensity on excitation intensity reveals that
exciton recombination is dominated here. As the carrier density
further increases, the dependence of the PL intensity on excitation
intensity gradually changes to second-order in all the films. This
is because the exciton tends to dissociate into free carriers under
high excitation intensity%’. Accordingly, relatively lower thresh-
olds of first-order to second-order transition observed when <n>-
values decreased, illustrating the enhanced k, with increasing
<n>-values. The subsequent PLQY roll-off is attributed to the
Auger recombination. As noticed, small PLQY roll-off thresholds
for low <n>-value films suggested that they possess higher k.
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Fig. 4 Recombination kinetics of the corresponding quasi-2D films with diffe|
quasi-2D films to characterize the corresponding E,. b Power-dependent PLQ

rent Ey,. a Temperature-depended PL measurements for different <n>-value
Y and corresponding ¢ PL intensity (t=0) as a function of initial carrier
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evolution of TA bleaching decays as a function of carrier density on a 500 ps timescale. h The extracted recombination constants through global fitting as a

function of E,. i Schematic diagram shows the electron-hole Coulomb interac

The above results revealed that there is a strong correlation
between emission behavior with Ey,. To investigate the underlying
relationship intuitively, recombination rate constants were then
extracted. In brief, k; was extracted from the slow decay of
time-resolved PL (TRPL) under low excitation intensity (Supple-
mentary Fig. 20). Then, k, and k; were obtained from the “global”
fitting of TA data (Supplementary Note 3), which was finished by
fitting the bleaching signals at different excitation intensities, as
displayed in Fig. 4d-g. TA kinetics measurement at different
regions confirmed that the perovskite films at the center- and
edge-region share similar recombination behavior (Supplemen-
tary Figs. 21 and 22). As mentioned, the extracted k; here actually

NATURE COMMUNICATIONS | (2021)12:2207 | https://doi.org/10.1038/s41467-021-22529-x | www.nature.com/naturecommunications

tion in quasi-2D perovskite with different quantum well thicknesses.

is the sum of Kexciton and kirap; thus, power-dependent PLQY was
fitted to further distinguished Kirop and keyciton- The correspond-
ing recombination rate constants were summarized in Supple-
mentary Table 2. Near-linear (~1.3 order) increment of Kexciton
with E, can be found in Fig. 4h. Usually, the recombination rate
constants were proportional to the Coulomb force between
electron and hole®8. Thus, we conclude the upward trend is
caused by Coulomb interaction enhancement. As the <n>-value
decreased, the phase distribution concentrated in the domains
with small # values, thus improving the confinement effect. The
strong quantum confinement limited spatial extension of the
wave function. In addition, reduced <n>-values also weakened
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Fig. 5 Characterizations of large-area and small-area PeLEDs of quasi-2D perovskite films with different <n>-values. a Cross-sectional SEM image of
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the dielectric shield?®. Both quantum and dielectric confinement
increase the electron-hole Coulomb interaction and E, (Fig. 4i),
thus enlarging the probability of electron-hole recombination.
Furthermore, nonlinearity dependencies of ~2.2 and 3.3 order for
k, and k; revealed different sensitivities of recombination
constants to Ep. This can be explained by the enhanced
electron-hole Coulomb interactions and their bimolecular or
three-body recombination characters (Supplementary Note 3).
Notably, strong Coulomb interaction will induce unbalanced
electron-hole distribution, which aggravated the undesired eeh or
hhe Auger recombination?.

The tunable emission behavior thus enables quasi-2D per-
ovskite films suitable for PeLEDs fabrication, particularly for the
purpose of different applications. Low <n>-value films possess

8

rapid exciton and free carrier recombination which avoid the
carriers dissociating and quenching in the trap states. As a result,
low <n>-value films exhibit high PLQY under a wide range of
injected current. These films exhibit advantages in display
applications where high current efficiency under low current
density is particularly required. However, the low <n>-value films
cannot reserve high PLQY under high current density because of
the effective Auger recombination, thus limiting their application
in high-brightness required devices, such as solid-state lighting.
Fortunately, high <n>-value analogs with lower E,, emerge as
promising candidates. High <n>-value films possess improved
conductivity for better injection and transport; more importantly,
lower PLQY roll-off was observed thanks to the reduced Auger
recombination rates. Hence, higher <n>-value quasi-2D PeLEDs
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should be able to achieve high-brightness, together with moderate
EQE in principle.

High-performing large-area quasi-2D PeLEDs. Thus, to validate
our findings, we fabricated large-area quasi-2D PeLED with an
active area of 9.0cm? adopting ITO/PEDOT:PSS/PFNBr/Per-
ovskite/TPBi/LiF/Al device architecture. Here, an ultrathin
PENBr interface layer was inserted, to improve the wettability and
minimize the interfacial recombination, based on the previous
reports®!>2. Cross-sectional SEM images reveal the presence of
each layer and their thickness (Fig. 5a). The thickness of PEDOT:
PSS, PENBr, quasi-2D perovskite, TPBi, and LiF/Al are 25 nm,
<5nm, 80 nm, 40 nm, and 100 nm, respectively. The energy level
diagram of perovskite LEDs was demonstrated through ultra-
violet photoemission spectroscopy (UPS) measurements (Sup-
plementary Figs. 23 and 24). Figure 5b shows a photo of the large-
area device under operating conditions. Uniform EL emission was
observed over the entire device, indicating high optical and
electrical uniformity. The EL peak of the <n>= 10 device centers
at 534 nm; continuous blue shifts were observed as <n>-value
decreases, <n>=3 displays an EL peak located at 520 nm
(Fig. 5¢). All of the devices display improved Commission
Internationale de I'Echlaiage (CIE) color coordinates compared
to the National Television System Committee (NTSC) standard,
which is very close to the most advanced Rec.2020 display stan-
dard (Supplementary Fig. 25).

The current density-luminance-voltage (J-L-V) and
EQE-current density (EQE-]) curves (Fig. 5d, e) exhibit different
EL behaviors of the devices. As expected, the resulting EQE for
different <n>-values is in good agreement with the power-
dependent PLQY data. The corresponding <n>=3 device
delivered a peak EQE of 16.4% at a low current density of
1.0 mA cm 2, representing the most efficient large-area PeLEDs to
date (Supplementary Tables 3 and 4). The <n>=3 device
displayed fairly high EQE under low current density, demonstrat-
ing its great potentials for large-area display. With the increase
of <n>-values, a higher threshold for EQE roll-off was achieved.
The <n>=10 device thus shows a maximum luminance of
91,650 cd m~2, demonstrating its potential in high-brightness
lighting. Moreover, the devices show high EL uniformity under
different constant voltages (Supplementary Fig. 26).

The PeLED performances with various active areas were also
studied and summarized (Supplementary Figs. 27-29). As shown,
a maximum luminance of 143,410 cd m—2 was obtained in small-
area <n> = 10 device, with an active area of 0.086 cm?. Moreover,
a high EQE of 21.3% was achieved in <n> =3 device (Fig. 5f),
which is comparable to the state-of-the-art PeLEDs reported to
date (Supplementary Tables 5 and 6). The device incorporated
with NVAL also exhibited an appreciable enhancement in
operating stability (Supplementary Figs. 30 and 31). Moreover,
our strategy also shows good compatibility with the spin-coating
technology (Supplementary Fig. 32), demonstrating its univers-
ality for large-area PeLEDs fabrication.

Discussion

In summary, we have developed an “antisolvent-free” method to
fabricate large-area quasi-2D perovskite films, which is achieved
by partially anchoring amphiphilic NVAL molecules on [PbBrg]*~
inorganic slabs. Simulation and experimental characterizations
confirm that the surface anchoring of NVAL facilitates a low-
barrier crystallization pathway by generating a new intermediate
phase with quasi-2D geometry. The approach overcomes the
phase-segregation, enabling high-quality large-area quasi-2D films
becomes possible. We further thoroughly investigate the carrier
recombination kinetics to better understand the film’s

recombination features. Basically, the film’s emission behavior
highly correlated with their E,, indicating that E, needs to be
judiciously selected for the purpose of different PeLED applica-
tions. Taking advantage of the above findings, we achieved a series
of highly efficient, large-area quasi-2D PeLEDs with active areas of
9.0 cm?. The peak EQE of 16.4% has been achieved in <n>=3
films, which is the most efficient large-area PeLEDs to date.
Meanwhile, a high brightness device with luminance up to 9.1 x
10*cd m~2 has also been realized in <n>=10 perovskite. The
work demonstrates quasi-2D perovskites’ great potential and
diversity for display or lighting application, thus it paved the way
for future large-area PeLEDs manufacture.

Methods

Materials. Formamidinium bromide (FABr) and phenethylamine bromide
(PEABr) were purchased from Greatcell Solar. CsBr, PbBr,, and NVAL were
purchased from Sigma-Aldrich. Tetrabutylphosphonium tetrafluoroborate
(BuyPBF,) was purchased from J&K chemical. Poly(3,4-ethylenedioxythiophene):
poly(styrenesulfonate) (PEDOT:PSS) (Clevios P VP Al4083) was purchased from
Heraeus. Poly[(9,9-bis(3’-((N,N-dimethyl)-N-ethylammonium)-propyl)-2,7-fluor-
ene)-alt-2,7-(9,9-dioctylfluorene)] (PENBr), (1,3,5-benzinetriyl)-tris(1-phenyl-1-H-
benzimidazole)) (TPBi) and LiF were purchased from Lumtech Corp. All the
chemical materials were directly used without any further purifications.

Precursor solution fabrication. Perovskite precursors were dissolved in dimethyl
sulfoxide (DMSO) with 0.4 M (concentration of Pb). For NVAL-containing pre-
cursors, 8.0 mol% of NVAL with respect to the lead atoms were also added.
Detailed recipes for different precursor solutions were documented in Supple-
mentary Table 6.

Device fabrication. PEDOT:PSS diluted with deionized water and ethanol (1:1:1,
volume ratio) was spin-coated onto ITO for 1 min at 4000 r.p.m., and then
annealed for 20 min at 150 °C to remove any residues. PENBr dissolved in
methanol with the concentration of 0.5 mg/mL was then spin-coated on top of the
PEDOT:PSS layer for 1 min at 4000 r.p.m. To fabricate the active layers, precursor
solutions were spin-coated in glove-box for 1 min at 6000 r.p.m., and then annealed
for 10 min at 80 °C. For the “antisolvent-assisted” approach, chlorobenzene as
antisolvent was dripped onto the substrate after spin coating for 15 s. Finally, TPBi
(40 nm), LiF (0.8 nm), and Al electrode (150 nm) were deposited on the top of the
devices through thermal evaporation under a vacuum of <1 x 10~ Pa.

Film characterizations. The steady-state PL spectra were measured by using a
spectrofluorometer (Fluoromax 4, Horiba) with a 450 W Xe lamp. The PLQY were
measured using an integrating sphere method, a 365-nm laser was used to photo-
excite the films, and a Quanta-Phi integrating sphere with a Fluorolog system was
used to collect the spectra. The TRPL spectra were measured by using a spectro-
meter (FLS980) with a picosecond pulsed laser under a repetition rate of 800 kHz at
355 nm. The time-resolved signal was recorded by a time-correlated single photon
counting (TCSPC) module, the total instrument response function (IRF) was less
than 100 ps. The PLQY and TRPL at different excitation intensities were recorded
at the same external conditions. Temperature-dependent PL spectroscopic mea-
surements were performed in a Horiba, LabRAM HR 800 equipment, the sample
was mounted in a helium cryostat (Linkam), and a 325-nm laser with an excitation
power of 3 uW was used to excite the sample. The steady-state absorbance spectra
were measured by using a LAMBDA 950 UV/Vis/NIR spectrophotometer. To
monitor the phase evolution of the perovskite films, the perovskite film was spin-
coated at a low revolving speed of 3000 r.p.m. Transient absorption measurements
were conducted by using an Ultrafast Systems LLC pump-probe system. Coherent,
35 fs and 1 kHz ultrashort pump pulse at 800 nm was generated in a multipass
femtosecond amplifier system, and a pump wavelength of 365 nm was generated in
an optical parametric amplifier (TOPAS-800-fs). White continuum probe pulse
was generated by focusing part of the amplifier output onto a constantly rotating
CaF, with ~1 mm beam size and ~10 pJ power control. FTIR spectra were recorded
under attenuated total reflectance (ATR) mode on a Nicolet iS50 spectrometer. 'H
NMR spectra were recorded in DMSO-d6 solvent by using a Bruker 400 MHz
NMR spectrometer. XRD patterns were obtained using a Bruker D8 X-ray dif- _
fractometer (Cu Ka, A = 1.5406 A, 40 kV, 100 mA). GIWAXS patterns (L = 1.54 A,
incident angle 0.15°) were measured on beamline IW2A at Beijing Synchrotron
Radiation Facility (BSRF), China. AFM images were obtained by using a Bruker
dimension icon microscope in a non-contact mode. SEM images were obtained by
using a field emission Scanning Electron Microscopy (JSM-7500F, JEOL). The
TEM images of the perovskite grains were captured on a TEM machine (Talos
F200X G2, FEI). The UPS spectra were recorded using an Omicron ultrahigh-
vacuum chamber with excitation provided by the He I emission line (21.2eV) of a
helium pressure about 2 x 10~8 mbar.
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Device characterizations. All PeLEDs were tested in a glovebox without encap-
sulation. The J-V characteristics were obtained by using a Keithley 2400 source
meter (step size 0.1V, step interval 0.1s), and the EL spectra were collected by
using an integrating sphere (OceanOptics FOIS-1) coupled to a spectrophotometer
(QE65 Pro). All of the EL data was double-checked by a PR-735 spectroradiometer
(Photo Research).

Data availability
The data that support the finding of this study is available from the corresponding author
upon reasonable request.

Received: 10 January 2021; Accepted: 18 March 2021;
Published online: 13 April 2021

References

1. Cho, H. et al. Overcoming the electroluminescence efficiency limitations of
perovskite light-emitting diodes. Science 350, 1222-1225 (2015).

2. Tan, Z.-K. et al. Bright light-emitting diodes based on organometal halide
perovskite. Nat. Nanotechnol. 9, 687-692 (2014).

3. Chiba, T. et al. Anion-exchange red perovskite quantum dots with ammonium
iodine salts for highly efficient light-emitting devices. Nat. Photonics 12,
681-687 (2018).

4. Ban, M. et al. Solution-processed perovskite light emitting diodes with
efficiency exceeding 15% through additive-controlled nanostructure tailoring.
Nat. Commun. 9, 3892 (2018).

5. Jiang, Y. et al. Spectra stable blue perovskite light-emitting diodes. Nat.
Commun. 10, 1868 (2019).

6. Liu, Y. et al. Efficient blue light-emitting diodes based on quantum-confined
bromide perovskite nanostructures. Nat. Photonics 13, 760-764 (2019).

7. Dong, Y. et al. Bipolar-shell resurfacing for blue LEDs based on strongly
confined perovskite quantum dots. Nat. Nanotechnol. 15, 668-674 (2020).

8. Yuan, F. et al. Color-pure red light-emitting diodes based on two-dimensional
lead-free perovskites. Sci. Adv. 6, eabb0253 (2020).

9. Cao, Y. et al. Perovskite light-emitting diodes based on spontaneously formed
submicrometre-scale structures. Nature 562, 249-253 (2018).

10. Lin, K. et al. Perovskite light-emitting diodes with external quantum efficiency
exceeding 20 per cent. Nature 562, 245-248 (2018).

11. Zhao, B. et al. High-efficiency perovskite-polymer bulk heterostructure light-
emitting diodes. Nat. Photonics 12, 783-789 (2018).

12. Xu, W. et al. Rational molecular passivation for high-performance perovskite
light-emitting diodes. Nat. Photonics 13, 418-424 (2019).

13. Chu, S. et al. Large-area and efficient perovskite light-emitting diodes via low-
temperature blade-coating. Nat. Commun. 12, 147 (2021).

14. Yuan, M. et al. Perovskite energy funnels for efficient light-emitting diodes.
Nat. Nanotechnol. 11, 872-877 (2016).

15. Wang, N. et al. Perovskite light-emitting diodes based on solution-processed
self-organized multiple quantum wells. Nat. Photonics 10, 699-704 (2016).

16. Yang, X. et al. Efficient green light-emitting diodes based on quasi-two-
dimensional composition and phase engineered perovskite with surface
passivation. Nat. Commun. 9, 570 (2018).

17. Kong, L. et al. Smoothing the energy transfer pathway in quasi-2D perovskite
films using methanesulfonate leads to highly efficient light-emitting devices.
Nat. Commun. 12, 1246 (2021).

18. Quan, L. N. et al. Edge stabilization in reduced-dimensional perovskites. Nat.
Commun. 11, 170 (2020).

19. Jiang, Y. et al. Reducing the impact of Auger recombination in quasi-2D
perovskite light-emitting diodes. Nat. Commun. 12, 336 (2021).

20. Xiao, Z. et al. Efficient perovskite light-emitting diodes featuring nanometre-
sized crystallites. Nat. Photonics 11, 108-115 (2017).

21. Wang, Z. et al. Manipulating the trade-off between quantum yield and
electrical conductivity for high-brightness quasi-2D perovskite light-emitting
diodes. Adv. Funct. Mater. 28, 1804187 (2018).

22. Quan, L. N. et al. Tailoring the energy landscape in quasi-2D halide
perovskites enables efficient green-light emission. Nano Lett. 17, 3701-3709
(2017).

23. Han, D. et al. Efficient light-emitting diodes based on in situ fabricated
FAPbBr3 nanocrystals: the enhancing role of the ligand-assisted
reprecipitation process. ACS Nano 12, 8808-8816 (2018).

24. Jeon, N. J. et al. Solvent engineering for high-performance inorganic-organic
hybrid perovskite solar cells. Nat. Mater. 13, 897-903 (2014).

25. Kumar, S. et al. Ultrapure green light-emitting diodes using two-dimensional
formamidinium perovskites: achieving recommendation 2020 color
coordinates. Nano Lett. 17, 5277-5284 (2017).

26. Yuan, S. et al. Self-assembled high quality CsPbBr3 quantum dot films
toward highly efficient light-emitting diodes. ACS Nano 12, 9541-9548
(2018).

27. Wang, H. et al. A multi-functional molecular modifier enabling efficient large-
area perovskite light-emitting diodes. Joule 4, 1977-1987 (2020).

28. Zhao, X. et al. Large-area near-infrared perovskite light-emitting diodes. Nat.
Photonics 14, 215-218 (2020).

29. Cho, H. et al. High-efficiency polycrystalline perovskite light-emitting diodes
based on mixed cations. ACS Nano 12, 2883-2892 (2018).

30. Zhang, L. et al. Ultra-bright and highly efficient inorganic based perovskite
light-emitting diodes. Nat. Commun. 8, 15640 (2017).

31. Chin, X. Y. et al. Self-assembled hierarchical nanostructured perovskites
enable highly efficient LEDs via an energy cascade. Energy Environ. Sci. 11,
1770-17787 (2018).

32. Lei, L. et al. Efficient energy funneling in quasi-2D perovskites: from light
emission to lasing. Adv. Mater. 32, 1906571 (2020).

33. Leng, M. et al. Surface passivation of bismuth-based perovskite variant quantum
dots to achieve efficient blue emission. Nano Lett. 18, 6076-6083 (2018).

34. Lin, Y. et al. Unveiling the operation mechanism of layered perovskite solar
cells. Nat. Commun. 10, 1008 (2019).

35. Hoffman, J. M. et al. In situ grazing-incidence wide-angle scattering reveals
mechanisms for phase distribution and disorientation in 2D halide perovskite
films. Adv. Mater. 32, 2002812 (2020).

36. Dong, J. et al. Mechanism of crystal formation in Ruddlesden-Popper Sn-
based perovskites. Adv. Funct. Mater. 30, 2001294 (2020).

37. LaMer, V. K. & Dinegar, R. H. Theory, production and mechanism of
formation of monodispersed hydrosols. J. Am. Chem. Soc. 72, 4847-4854
(1950).

38. Chen, A. Z. et al. Origin of vertical orientation in two-dimensional metal
halide perovskites and its effect on photovoltaic performance. Nat. Commun.
9, 1366 (2018).

39. Quintero-Bermudez, R. et al. Compositional and orientational control in
metal halide perovskites of reduced dimensionality. Nat. Mater. 17, 900-907
(2018).

40. Yang, W. S. et al. High-performance photovoltaic perovskite layers fabricated
through intramolecular exchange. Science 348, 1234-1237 (2015).

41. Wang, H. et al. Trifluoroacetate induced small-grained CsPbBr3 perovskite
films result in efficient and stable light-emitting devices. Nat. Commun. 10,
665 (2019).

42. Zhang, T. et al. In situ fabrication of highly luminescent bifunctional amino
acid crosslinked 2D/3D NH3C4H9COO(CH3NH3PbBr3)n perovskite films.
Adv. Funct. Mater. 27, 1603568 (2017).

43. Chen, X. et al. Impact of layer thickness on the charge carrier and spin
coherence lifetime in two-dimensional layered perovskite single crystals. ACS
Energy Lett. 3, 2273-2279 (2018).

44. Wang, F., Wu, Y., Hybertsen, M. S. & Heinz, T. F. Auger recombination of
excitons in one-dimensional systems. Phys. Rev. B 73, 245424 (2006).

45. Zou, W. et al. Minimising efficiency roll-off in high-brightness perovskite
light-emitting diodes. Nat. Commun. 9, 608 (2018).

46. Yaffe, O. et al. Excitons in ultrathin organic-inorganic perovskite crystals.
Phys. Rev. B 92, 045414 (2015).

47. Feldmann, S. et al. Photodoping through local charge carrier accumulation in
alloyed hybrid perovskites for highly efficient luminescence. Nat. Photonics 14,
123-128 (2020).

48. Xing, G. et al. Transcending the slow bimolecular recombination in
lead-halide perovskites for electroluminescence. Nat. Commun. 8, 14558
(2017).

49. Yang, Y. et al. Comparison of recombination dynamics in CH3NH3PbBr3 and
CH3NH3PbI3 perovskite films: influence of exciton binding energy. J. Phys.
Chem. Lett. 6, 4688-4692 (2015).

50. Deng, S. et al. Long-range exciton transport and slow annihilation in two-
dimensional hybrid perovskites. Nat. Commun. 11, 664 (2020).

51. Hangleiter, A. & Hicker, R. Enhancement of band-to-band Auger
recombination by electron-hole correlations. Phys. Rev. Lett. 65, 215 (1990).

52. Tian, S. et al. Engineering the underlying surface to manipulate the growth of
2D perovskites for highly efficient solar cells. J. Mater. Chem. A 7,
14027-14032 (2019).

Acknowledgements

The authors acknowledge the great help from Dr. Huanhua Wang and Dr. Yu Chen at
beamline 1W2A in Beijing Synchrotron Radiation Facility (BSRF), regarding the
GIWAXS measurement. This work was supported by the National Natural Science
Foundation of China (No. 21771114, 91956130, 12074104, 11804084) and the Natural
Science Foundation of Tianjin (No. 18YFZCGX00580). M. Yuan acknowledges financial
support from Distinguished Young Scholars of Tianjin (No. 19JCJQJC62000).

10 | (2021)12:2207 | https://doi.org/10.1038/s41467-021-22529-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Author contributions

M.Y. conceived the idea and guided the project. C.S. fabricated the devices and con-
ducted most of the measurements. Y.J. performed recombination kinetics analysis. C.S.,
M.C,, and C.Q. performed transient absorption characterizations and analyzed the data.
L.Q. and R.L. performed the DFT simulations. ] W., Y.H., L.Z,, and H.-Y.H. helped to
prepare the materials and collect data. T.H. and S.L. helped to analyze the GIWAXS data.
C.S. and M.Y. co-wrote the paper. All authors read and commented on the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-22529-x.

Correspondence and requests for materials should be addressed to M.Y.

Peer review information Nature Communications thanks Xuyong Yang and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:2207 | https://doi.org/10.1038/s41467-021-22529-x | www.nature.com/naturecommunications 1


https://doi.org/10.1038/s41467-021-22529-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	High-performance large-area quasi-2D perovskite light-emitting diodes
	Results
	Large-area quasi-2D films fabricated by the “antisolvent-assisted” approach
	Failure mechanism investigation
	Intermediate phase modulation
	Characterizations of the resulting large-area quasi-2D films
	Recombination kinetics for quasi-2D films with different Eb
	High-performing large-area quasi-2D PeLEDs

	Discussion
	Methods
	Materials
	Precursor solution fabrication
	Device fabrication
	Film characterizations
	Device characterizations

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




