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ABSTRACT

Metal halide perovskites present specific challenges as emitters in large area, surface emission lighting devices. Among these challenges is the
vast difference in carrier mobilities between the perovskite and many organic buffer layers typically used in such device fabrication as
transport and blocking layers. This can make it difficult to engineer recombination to achieve white emitting devices generally. However, in
this work, we introduce unique modulation of excitonic confinement within the perovskite layer of the device stack to control overall
placement of the recombination zone. This results in a white light emitter that is bright and highly tunable, providing a path to realize white
perovskite related light-emitting devices.

Metal halide perovskites have recently attracted considerable
attention in optoelectronic applications, particularly in light-emitting
devices (LEDs).1–7 Due to advantages in cost, tunable bandgap, high
recombination rate, high color purity, and high charge carrier mobili-
ties, metal halide perovskite LEDs (PeLEDs) have quickly received
research interest with some of the best reported external quantum effi-
ciency (EQE) now over 20%.8–10 However, compared with mono-
chrome perovskite LEDs, white LEDs show special importance. This
includes applications such as general illumination and backlighting in
displays. Achieving white emission in a perovskite-based LED is, thus,
an obvious and necessary next step in the development of this
technology.

To date, some traditional methods for white lighting devices
based on perovskite photoluminescence (PL) have been demon-
strated.11–16 The white LED realized by coupling a blue perovskite
LED with a layer of a red perovskite down-converter has also been
reported.17 To realize the electroluminescence (EL), Chen et al. dem-
onstrated a white perovskite LED based on a CsPbI3 emissive layer
with both a and d phases.18 For the device physics field, different color

perovskites, such as blue and red perovskites, can be combined as
emission layers to achieve white emission PeLEDs.19 However, the
shared interface has the problem of ion exchange reactions, which lead
to unexpected color emission rather than white emission, as shown in
Fig. 1(a).20–22 Then an organic layer used as the buffer layer is neces-
sary to avoid the ion exchange reactions. Aside from that, blending the
perovskites with organic emitters to produce white emission was also
researched.23,24 However, the energy transfer is increasingly more effi-
cient with decreasing intermolecular distance, leading to the blue emis-
sion quenching and reducing the probability of white emission
generation.23,25,26 Notably, highly efficient and stable blue perovskites
still remain great challenges.27–29 This, too, is not an ideal solution for
a white perovskite related LED now.

Organic emitters with broad emission are more suitable for a
high color rendering index (CRI) device. However, phosphor and
thermally activated delayed fluorescence (TADF) materials with an
internal quantum efficiency (IQE) of 100% always have slow recombi-
nation rate (�ls), leading to serious efficiency roll-off. While perov-
skite materials cannot only achieve an IQE of 100% but also have a
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fast recombination rate (�ns), it is considered that the combination of
perovskite materials and organic emitters can address the trade-off
issue between the high CRI and low efficiency-off. Then, increasing
spatial separation using organic emitters stacked with bulk perovskites
might be a workable approach to realize white perovskite/organic
hybrid LEDs (Hyb-LEDs). Aside from avoiding some of the obvious
limitations of the approaches above, there are several important
aspects of this hybrid organic emitter-perovskite system that must be
considered. Perhaps the most important is that the mobility of the
perovskite is normally three or four orders of magnitude higher than
those of organic materials.30,31 An ideal bipolar host is difficult to syn-
thesize and to obtain simultaneous luminescence from perovskites and
organic emitters. Thus, the recombination may not occur at the area
of the perovskite/organic interface due to the huge mobility difference
between perovskites and organic materials, as shown in Fig. 1(b).
Therefore, it can be difficult to make the perovskite/organic emission
layers emit simultaneously in an electroluminescent device.

In this work, we propose a solution to this problem. We demon-
strate a modulation of the recombination zone in stacked perovskite/
organic co-emitting layers that is able to simultaneously realize lumi-
nescence. Based on P type and N type double hosts in the organic
emission layer, the recombination zone position can be tuned by tun-
ing the weight ratio between P and N type hosts and the thickness of
the organic emission layer. Then the perovskite/organic emission
layers emit simultaneously in the electroluminescent device. A highly
efficient white Hyb-LED with 910 cd/m2 luminance can be obtained
with this approach. We believe our work would contribute to the
understanding and controlling of the recombination region and pro-
vide a path for efficient white perovskite related LEDs.

The fabrication process and characterization of the device can be
found in the supplementary material. As it is difficult to get co-
emission from the perovskite/organic layers in an electroluminescent
device, a possible approach is shown in Fig. 2(a), where recombination
is forced to occur in a modulated recombination zone, similar in con-
cept to a hybrid quantum well stack. A double-host in the organic
emission layer, which contains both a P-type organic material, 4,40,400-
Tris(carbazol-9-yl)triphenylamine (TcTa), and a N-type material,

1,3,5-Tris(1-phenyl-1Hbenzimidazol-2-yl)benzene (TPBi), modulates
the recombination zone in the stacked emitting layers, facilitating sta-
ble co-emission from both the perovskite and the organic layer. Figure
2(a) shows the schematic illustration of perovskite/organic hybrid
LEDs with a structure of ITO/Poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS)/Cs-Pb-Br perovskite/organic
emission layer/TPBi (30 nm)/LiF (1 nm)/Al (100 nm). Here,
PEDOT:PSS (�40nm) is used as a hole injection layer, and TPBi
(30 nm) is used as an electron transport layer (ETL). Our independent
variables are the weight ratio between the two hosts and the total solu-
tion concentrations of the organic emission layer. Table I shows the
details of variables in the organic emission layer.

By dissolving PbBr2 and CsBr in dimethyl sulfoxide (DMSO) at
the molar ratio of 1:1.5, the Cs-Pb-Br perovskite films were fabricated
by a spin-coating method. The absorbance and PL spectra of prepared
Cs-Pb-Br perovskite films and organic emitters, Bis(3,5-difluoro-2-
(2-pyridyl)phenyl-(2-carboxypyridyl)iridium(III) (FirPic) and Bis(2-
methyldibenzo[f,h]quinoxaline)(acetylacetonate)iridium(III) [Ir(MDQ)2
(acac) or MDQ], are shown in Fig. 2(b). FirPic emits blue color, the
Cs-Pb-Br perovskite film emits green color at 518nm with a full width
at half maximum (FWHM) of 20nm, and Ir(MDQ)2(acac) emits red
color. The thickness of the perovskite was measured to be�100nm, and
the photon recycling effect could contribute to the light extraction from
LEDs.32 In addition, the optical losses caused by the absorption of the
perovskite layer are limited. The absorption of perovskites below 550nm
would be beneficial to the energy transfer from the blue Firpic to the
green perovskite. The overlap between the perovskite PL spectrum and
the Ir(MDQ)2(acac) absorbance spectrum is really small, indicating that
the energy transfer between them is very weak. The properties of the
perovskite, like transmission electron microscopy or atomic force
microscopy images, have already been discussed in our previous work.33

The morphology of the Cs-Pb-Br perovskite film deposited on
PEDOT:PSS, which measured by a top-view scanning electron micro-
scope (SEM), has been shown in Fig. S1. We also used grazing incidence
wide-angle x-ray scattering (GIWAXS) measurement, and the result is
shown in Fig. 2(c). The result exhibits a ring-like Debye Scherer pattern,
indicating a randomly oriented crystal. After spin-coating the organic

FIG. 1. (a) The schematic of the ion exchange reactions. (b) The working mechanism of the device when the mobility of perovskites is much higher than that of the organic
emission layer.
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emission layer on top of the perovskite layer, a ring-like Debye Scherer
pattern can also be observed in Fig. 2(d). Thus, solution-processible fab-
rication of the organic emission layer has trivial effects on the crystallin-
ity of the Cs-Pb-Br perovskite film.

As shown in Table I, when the weight ratio of TcTa and TPBi
changed from 1:0–1:4 to 0:1, these devices were labeled in sequence
from device A to device F. The thickness of these organic emission

layers here were measured to be �40nm, and the performance of
these devices is shown in Fig. S2. Figures 3(a)–3(f) show the EL spectra
variation under the same voltage of these devices. Here, device A
means only TcTa used as the host in the organic emission layer, and
the spectrum in Fig. 3(a) indicates only red color emitted from
Ir(MDQ)2(acac) can be seen. With the increase in the TPBi content,
green emission from the perovskite layer becomes dominant in the

FIG. 2. (a) The device structure used in this paper. (b) The absorbance and PL spectra of perovskites, FirPic and Ir(MDQ)2(acac). The GIWAXS result of the (c) perovskite
film and (d) perovskite/organic emission layer.

TABLE I. The composition of the organic emission layer in different devices.

Name Organic emission layer Weight ratio Concentration

Device A TcTa:TPBi:5wt%MDQ 1:0 10mg/ml
Device B TcTa:TPBi:5wt%MDQ 1:1 10mg/ml
Device C TcTa:TPBi:5wt%MDQ 1:4 10mg/ml
Device D TcTa:TPBi:5wt%MDQ 1:9 10mg/ml
Device E TcTa:TPBi:5wt%MDQ 1:14 10mg/ml
Device F TcTa:TPBi:5wt%MDQ 0:1 10mg/ml
Device G TcTa:TPBi:5wt%MDQ 1:1 5mg/ml
Device H TcTa:TPBi:20wt%FirPic:0.5 wt%MDQ 1:2 10mg/ml
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emission spectrum. As shown in Fig. 3(c), the intensity of green and
red color was comparable for device C. If the TPBi content further
increased to only TPBi used as the host, which means the weight ratio
of TcTa and TPBi was 0:1, the green color intensity of device F was sig-
nificantly higher than that of red color, and the red color intensity was
extremely weak as shown in Fig. 3(f). The change of emission color is
denoted in the Commission Internationale de L’Eclairage (CIE) coor-
dinates, which is shown in Fig. S3. The color of these devices changed
from red through yellow to green, which indicates that the recombina-
tion zone position can be modulated by the weight ratio between P
and N type hosts.

To study the physical mechanism, the distributions of electrons
and holes of the devices with different weight ratios of TcTa and TPBi
in the organic emission layer have been simulated by the drift-
diffusion EL model, as shown in Fig. S4. Figure 4(a) shows the ratio of
the electron density/hole density. It can be seen that the region of the
balanced electron density and the hole density mainly concentrated at
the interface of the organic emission layer and ETL for devices with P
type host. The region of the balanced electron density and hole density
shifts toward the anode side for devices with double hosts. For the
device with N type host, the interface of the perovskite/organic emis-
sion layer is the region of the balanced electron density and hole den-
sity. Figs. 4(b)–4(d) display the schematic illustration for the
modulation of the recombination zone position. For device A, as
shown in Fig. 4(b), P type host TcTa can be used for hole transport
and electron confinement. The injected holes from the anode would
be transported through the Cs-Pb-Br perovskite and the organic emis-
sion layer and then confined by the TPBi ETL. The injected electrons
from the cathode would be transported through the TPBi ETL and
confined by the TcTa host. Thus, the recombination region was in the
organic emission layer, leading to only red emission from
Ir(MDQ)2(acac), as shown in Fig. 3(a). When N type TPBi was intro-
duced into the organic emission layer, electrons can be transported in

the organic emission layer due to the carrier transport characteristic of
TPBi. Figure 4(c) indicates that the recombination zone position
would move toward the anode direction with the increase in the TPBi
content. For device C, the recombination region was in the organic
emission layer and near the interface of the Cs-Pb-Br perovskite, cor-
responding to the spectrum in Fig. 3(c). Figure 4(d) shows that the
recombination region was in the perovskite layer and the perovskite/
organic interface for device F. Most of the injected holes were recom-
bined with the injected electrons in the perovskite layer. However, a
few holes manage to recombine with electrons at the perovskite/
organic interface, resulting in dim emission of red color in Fig. 3(f).
This is because the carrier mobility of inorganic perovskites is much
higher than those of organic materials.

We further note that the thickness of the organic emission layer
can also be adjusted to modulate the recombination region. Here, the
thickness of the organic emission layer was adjusted by the concentra-
tion of the solution. The device with the organic emission layer made
from a 5mg/ml concentration solution was labeled as device G. The
thickness was measured to be �25nm. For device B, as shown in Fig.
5(a), the intensity of red color is obviously higher than that of green
color. The reason for this phenomenon is that most of the recombina-
tion zone position was located in the organic emission layer due to the
thick organic emission layer, as shown in Figs. 5(c) and 5(d). When we
decrease the thickness of the organic emission layer by decreasing the
concentration of the solution, the recombination region would shift
toward the perovskite layer. As shown in Fig. 5(b), the intensity of green
color was comparable with the intensity of red color for device G. This
is because more electrons can be transported into the perovskite layer,
and the recombination region was modulated to the area near the
perovskite/organic interface, as shown in Figs. S5, 5(c), and 5(d).

Based on above discussions, the recombination zone position can
be finetuned according to the demand. To realize white perovskite/
organic emitter hybrid LEDs, FirPic was introduced into the organic

FIG. 3. The EL spectra of (a) device A, (b) device B, (c) device C, (d) device D, (e) device E, and (f) device F under the same voltage.
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FIG. 4. (a) The electron density/hole density curves of device A, device C, and device F under the same voltage. The working mechanism of (b) device A, (c) device C, and (d) device F.

FIG. 5. The EL spectra of (a) device B and (b) device G. (c) The electron density/hole density curves and (d) the work mechanism of device B and device G under the same voltage.
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emission layer, and the device was labeled as device H. The organic
emission layer of device H was TcTa:TPBi:20wt%FirPic:0.5wt. %
Ir(MDQ)2(acac), and the weight ratio of TcTa and TPBi was 1:2, as
shown in Table I. Figures 6(a) and 6(b) show the performance of
device H. The maximum brightness of device H was 910 cd/m2. The
maximum current efficiency and EQE of device H were 0.36 cd/A and
0.013%, respectively. The spectrum of device H is shown in Fig. 6(c),
and around 3000K color temperature white Hyb-LEDs with CRI of 71
were achieved as shown in Fig. S6. The CRI of the device could be fur-
ther improved to over 80 by using other materials, like deep-blue emit-
ters or TADF emitters with a wide spectrum. Figure 6(d) displays the
transient PL decay of different emitting layers to understand the role
of subsequent layers and organic/perovskite layer interfaces. The intro-
duction of additional Cs-Pb-Br perovskite layer accelerates the decay
of blue emission from the FirPic molecules. Thus, energy transfer
could be observed from the FirPic to perovskite. The energy transfer
between FirPic and Ir(MDQ)2(acac) has been widely discussed in the
reported literature.34 Due to these energy transfer, the intensity of blue
color emission was lower than that of green and red color, which is
beneficial to reduce the blue light hazard.35,36 It has also been con-
firmed by comparison of the EL spectra. Figure S7 shows the EL spec-
trum of the device without the perovskite layer, and the intensity of
FirPic is comparable with the intensity of Ir(MDQ)2(acac). Due to the
thin film (�100nm), the optical losses caused by the absorption of the
perovskite layer are limited. Then, energy transfer plays a more impor-
tant role. Therefore, highly efficient white perovskite/organic emitter
hybrid LEDs with low color temperatures were realized through

modulation of the recombination zone position. We believe our work
would contribute to the understanding and controlling of the recombi-
nation region and provide a path for efficient white Hyb-LEDs with
the “green perovskite/blue organic emitter/red perovskite” structure,
which can avoid both ion exchange reactions and the difficulty of blue
perovskites.

In summary, modulation of the recombination zone position for
perovskite/organic emitter hybrid light-emitting devices had been pro-
posed. Based on P type and N type double hosts in the organic emission
layer, the recombination region can be adjusted by tuning the weight
ratio between P and N type hosts and changing the thickness of the
organic emission layer. Then, the highly efficient white perovskite/
organic emitter hybrid light-emitting device was realized with this
method. The maximum brightness reached 910 cd/m2, and the maxi-
mum current efficiency reached 0.36 cd/A. We believe our work would
contribute to the understanding and controlling of the recombination
region and provide a path for white Hyb-LEDs with the structure of
“green perovskite/blue organic emitter/red perovskite,” which can avoid
both ion exchange reactions and the difficulty of blue perovskites.

See the supplementary material for the experimental method and
more characterizations.
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FIG. 6. (a) Current density–voltage–brightness curve and (b) current efficiency–current density–EQE curve of device H. Insert: The photo of device H. (c) The EL spectrum of
device H and (d) transient PL decay curves of different emitting layers.

https://www.scitation.org/doi/suppl/10.1063/5.0077633
https://scitation.org/journal/apl


AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1C. Zhang, D. B. Kuang, and W. Q. Wu, Small Methods 4(2), 1900662 (2020).
2Y. Li, X. Zhang, H. Huang, S. V. Kershaw, and A. L. Rogach, Mater. Today 32,
204 (2020).

3Q. Shan, J. Song, Y. Zou, J. Li, L. Xu, J. Xue, Y. Dong, B. Han, J. Chen, and H.
Zeng, Small 13(45), 1701770 (2017).

4Q. Van Le, H. W. Jang, and S. Y. Kim, Small Methods 2(10), 1700419 (2018).
5M. Lu, Y. Zhang, S. Wang, J. Guo, W. W. Yu, and A. L. Rogach, Adv. Funct.
Mater. 29(30), 1902008 (2019).

6H. Cho, Y. H. Kim, C. Wolf, H. D. Lee, and T. W. Lee, Adv. Mater. 30(42),
1704587 (2018).

7L. N. Quan, F. P. Garc�ıa de Arquer, R. P. Sabatini, and E. H. Sargent, Adv.
Mater. 30(45), 1801996 (2018).

8K. Lin, J. Xing, L. N. Quan, F. P. G. de Arquer, X. Gong, J. Lu, L. Xie, W. Zhao,
D. Zhang, and C. Yan, Nature 562(7726), 245 (2018).

9Y. Cao, N. Wang, H. Tian, J. Guo, Y. Wei, H. Chen, Y. Miao, W. Zou, K. Pan,
and Y. He, Nature 562(7726), 249 (2018).

10W. Xu, Q. Hu, S. Bai, C. Bao, Y. Miao, Z. Yuan, T. Borzda, A. J. Barker, E.
Tyukalova, and Z. Hu, Nat. Photonics 13(6), 418 (2019).

11M. Bidikoudi, E. Fresta, and R. Costa, Chem. Commun. 54(59), 8150 (2018).
12C. Sun, Y. Zhang, C. Ruan, C. Yin, X. Wang, Y. Wang, and W. W. Yu, Adv.
Mater. 28(45), 10088 (2016).

13J. Luo, X. Wang, S. Li, J. Liu, Y. Guo, G. Niu, L. Yao, Y. Fu, L. Gao, and Q.
Dong, Nature 563(7732), 541 (2018).

14H. Wu, S. Wang, F. Cao, J. Zhou, Q. Wu, H. Wang, X. Li, L. Yin, and X. Yang,
Chem. Mater. 31(6), 1936 (2019).

15E. R. Dohner, A. Jaffe, L. R. Bradshaw, and H. I. Karunadasa, J. Am. Chem. Soc.
136(38), 13154 (2014).

16T. Guner and M. M. Demir, Phys. Status Solidi A 215(13), 1800120 (2018).

17Z. Chen, Z. Li, Z. Chen, R. Xia, G. Zou, L. Chu, S.-J. Su, J. Peng, H.-L. Yip, and
Y. Cao, Joule 5(2), 456 (2021).

18J. Chen, J. Wang, X. Xu, J. Li, J. Song, S. Lan, S. Liu, B. Cai, B. Han, and J. T.
Precht, Nat. Photonics 15(3), 238 (2021).

19J. Mao, H. Lin, F. Ye, M. Qin, J. M. Burkhartsmeyer, H. Zhang, X. Lu, K. S.
Wong, and W. C. Choy, ACS Nano 12(10), 10486 (2018).

20G. Nedelcu, L. Protesescu, S. Yakunin, M. I. Bodnarchuk, M. J. Grotevent, and
M. V. Kovalenko, Nano Lett. 15(8), 5635 (2015).

21G. Li, J. Y.-L. Ho, M. Wong, and H. S. Kwok, J. Phys. Chem. C 119(48), 26883 (2015).
22D. M. Jang, K. Park, D. H. Kim, J. Park, F. Shojaei, H. S. Kang, J.-P. Ahn, J. W.
Lee, and J. K. Song, Nano Lett. 15(8), 5191 (2015).

23E. P. Yao, Z. Yang, L. Meng, P. Sun, S. Dong, Y. Yang, and Y. Yang, Adv.
Mater. 29(23), 1606859 (2017).

24C.-Y. Chang, A. N. Solodukhin, S.-Y. Liao, K. Mahesh, C.-L. Hsu, S. A.
Ponomarenko, Y. N. Luponosov, and Y.-C. Chao, J. Mater. Chem. C 7(28),
8634 (2019).

25I.-W. Cho and M.-Y. Ryu, Sci. Rep. 9(1), 18433 (2019).
26A. Singldinger, M. Gramlich, C. Gruber, C. Lampe, and A. S. Urban, ACS
Energy Lett. 5(5), 1380 (2020).

27N. K. Kumawat, X.-K. Liu, D. Kabra, and F. Gao, Nanoscale 11(5), 2109
(2019).

28T. Fang, F. Zhang, S. Yuan, H. Zeng, and J. Song, InfoMat. 1(2), 211
(2019).

29Z. Li, Z. Chen, Y. Yang, Q. Xue, H.-L. Yip, and Y. Cao, Nat. Commun. 10(1),
1027 (2019).

30J. Zeng, X. Li, Y. Wu, D. Yang, Z. Sun, Z. Song, H. Wang, and H. Zeng, Adv.
Funct. Mater. 28(43), 1804394 (2018).

31Z. Yu, H. Feng, J. Zhang, S. Liu, Y. Zhao, L. Zhang, and W. Xie, J. Mater.
Chem. C 7(30), 9301 (2019).

32C. Cho, B. Zhao, G. D. Tainter, J.-Y. Lee, R. H. Friend, D. Di, F. Deschler, and
N. C. Greenham, Nat. Commun. 11, 611 (2020).

33J. Xu, W. Huang, P. Li, D. R. Onken, C. Dun, Y. Guo, K. B. Ucer, C. Lu, H.
Wang, S. M. Geyer, R. T. Williams, and D. L. Carroll, Adv. Mater. 29(43),
1703703 (2017).

34S. Liu, X. Zhang, M. Yin, H. Feng, J. Zhang, L. Zhang, and W. Xie, ACS Appl.
Energy Mater. 1(1), 103 (2018).

35C. Gao, Z. Xiong, Z. He, Y. Dong, F. Yu, X. Ma, Y. Zhang, D. Zhou, and Z.
Xiong, J. Mater. Chem. C 7(28), 8705 (2019).

36J. H. Jou, C. Y. Hsieh, J. R. Tseng, S. H. Peng, Y. C. Jou, J. H. Hong, S. M. Shen,
M. C. Tang, P. C. Chen, and C. H. Lin, Adv. Funct. Mater. 23(21), 2750 (2013).

https://doi.org/10.1002/smtd.201900662
https://doi.org/10.1016/j.mattod.2019.06.007
https://doi.org/10.1002/smll.201701770
https://doi.org/10.1002/smtd.201700419
https://doi.org/10.1002/adfm.201902008
https://doi.org/10.1002/adfm.201902008
https://doi.org/10.1002/adma.201704587
https://doi.org/10.1002/adma.201801996
https://doi.org/10.1002/adma.201801996
https://doi.org/10.1038/s41586-018-0575-3
https://doi.org/10.1038/s41586-018-0576-2
https://doi.org/10.1038/s41566-019-0390-x
https://doi.org/10.1039/C8CC03166E
https://doi.org/10.1002/adma.201603081
https://doi.org/10.1002/adma.201603081
https://doi.org/10.1038/s41586-018-0691-0
https://doi.org/10.1021/acs.chemmater.8b04634
https://doi.org/10.1021/ja507086b
https://doi.org/10.1002/pssa.201800120
https://doi.org/10.1016/j.joule.2020.12.008
https://doi.org/10.1038/s41566-020-00743-1
https://doi.org/10.1021/acsnano.8b06196
https://doi.org/10.1021/acs.nanolett.5b02404
https://doi.org/10.1021/acs.jpcc.5b09300
https://doi.org/10.1021/acs.nanolett.5b01430
https://doi.org/10.1002/adma.201606859
https://doi.org/10.1002/adma.201606859
https://doi.org/10.1039/C9TC01509D
https://doi.org/10.1038/s41598-019-54860-1
https://doi.org/10.1021/acsenergylett.0c00471
https://doi.org/10.1021/acsenergylett.0c00471
https://doi.org/10.1039/C8NR09885A
https://doi.org/10.1002/inf2.12019
https://doi.org/10.1038/s41467-019-09011-5
https://doi.org/10.1002/adfm.201804394
https://doi.org/10.1002/adfm.201804394
https://doi.org/10.1039/C8TC06265J
https://doi.org/10.1039/C8TC06265J
https://doi.org/10.1038/s41467-020-14401-1
https://doi.org/10.1002/adma.201703703
https://doi.org/10.1021/acsaem.7b00011
https://doi.org/10.1021/acsaem.7b00011
https://doi.org/10.1039/C9TC02258A
https://doi.org/10.1002/adfm.201203209
https://scitation.org/journal/apl

	f1
	f2
	t1
	f3
	f4
	f5
	f6
	l
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36

