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Supplementary Figure 1 Two hydrogen-bonding schemes for PEABT: (a) bridging
halide configuration and (b) terminal halide configuration between PEABr and

perovskite cubic structure.
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Supplementary Figure 2 SEM images of (a) 5% PEABr and (b) 10% PEABr

perovskite film.
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Supplementary Figure 3 620 XRD pattern of the perovskite films without, with
different PEABT ratios, 40% PEABr-crown, and 0% PEABT film. <*’ label indicates

the PEABT diffraction peak.
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Supplementary Figure 4 Azimuthal integration (plotted) of GIXRD patterns in the
perovskite films without, with different PEABT ratios, and 40% PEABr-crown. ‘*’

label indicates the PEABTr diffraction peak.
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Supplementary Figure 5 Azimuthally integrated scattering intensity of different

GIXRD profiles along the ring at g=10.7 nm™ (100 plate) for the perovskite films

with different PEABT ratio.



E A Y A
F X T T
E F £ £ 4

Supplementary Figure 6 Cartoon images of (001) plane orientation for the

perovskite films (a) 0% PEABr, (b) 40% PEABI, and (c) 40% PEABr-crown. The

other two planes of (110) and (110) are also labeled in (b).



Supplementary Figure 7 TEM images for drop-cast 40% PEABr perovskite
precursor solution (a) without and (b) with crown on copper grids coated with carbon

film. Inset is TEM image with small scale bar.
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Supplementary Figure 8. SEM images of 40% PEABr perovskite without (left) and
with (right) crown. SEM-EDX mapping the element distributions of (b) Pb, (c) Cs and

(d) N in perovskite layer (40% PEABT, left; 40% PEABr-crown, right).
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Supplementary Figure 9 (a) Absorption spectra of PbBr, film with crown

(PbBr,/crown=1:1, mole ratio) and without crown. (b) Absorption spectra of the films
made from CsBr and PbBr, precursor solution with different amount of crown. Mole
ratios are from 0 to 100%. (c) Photographs of 0% PEABT perovskite film without (left)
and with (right) 7% crown (d) under ultraviolet lamp excitation (365 nm). (e)
Time-dependence of PL intensity for 0% PEABTr perovskite film without and with 7%

crown.
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Suppiementary Figure 10 (a) 2D GIXRD spectra of the films fabricated from CsBr

and PbBr, precursor solution with different mole ratio of crown. The mole ration of
crown/CsBr and PbBr,=20%, 30%, 80% and 100% respectively. (b) Integrated 2D

GIXRD diffraction signal from the 2D GIXRD spectra in (a).
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Supplementary Figure 11 SEM images of 0% PEABr CsPbBr; perovskite films (a)

without and (b) with 7% mole ratio crown.
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Supplementary Figure 12 §-20 XRD for 0% PEABTr perovskite films with (7% mole

ratio) and without crown.
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Supplementary Figure 13 2D GIXRD patterns for 0% PEABr CsPbBr; perovskite

films (a) without and (b) with 7% mole ratio crown.
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Supplementary Figure 14 *H NMR spectra in deuterated DMSO solution. (a) Proton

resonance signals of crown in pristine crown solution, CsBr-crown solution:

PbBr,-crown and PEABr-crown solution, respectively. All the chemicals mole ratios

are 1:1; (b) Proton resonance signals in PEABr-crown (mole ratio: 1:1) solution,

crown-PEABr-PbBr, (mole ratio: 1:1:1) solution and crown-CsBr-PEABr-PbBr;

(mole ratio: 1:1:1:1) solution, respectively.
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Supplementary Figure 15 (a) DLS measurements of different perovskite precursor
solution of 0% PEABT (red), 40% PEABT (blue) and 40% PEABr-crown (gray) in
DMSO. (b) DLS measurements of pristine PEABr (red) and mixture of PEABr and
crown (blue) in DMSO. Inset images in (a) and (b) are the organic molecular

structures of 18-crown and PEABF, respectively.
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Supplementary Figure 16 Temperature-dependent PL of the different perovskite

Wavelength (nm)

films (a) 0% PEABT, (b) 40% PEABT, and (c) 40% PEABr-crown. The first curve is
measured at 78K. Then the other curves with a step of 10K from 90K to 380K. (d)
Their corresponding temperature (T)-dependent integrating PL intensity (1(T)) against

T and fitting curves (Ey is fitted by the equation that discussed above).
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Supplementary Figure 17 Energy diagram schematically indicating the electronic
bandgap (Eg), the optical bandgap (Eopt), and the exciton binding energy (Ep) of 40%
PEABr with and without crown. CBM: conducting band maximum; VBM: valence

band minimum.
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Supplementary Figure 18 20 XRD and PLQY value of perovskite film without

and with 40% PMABTr and BABr. “*’ labelled peak shows PMA crystal diffraction.
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Supplementary Figure 19 (a) Current density-voltage-luminance (J-V-L) curves; (b)
Normalized EL spectra of perovskite LEDs based on the perovskite films without and
with different PEABT ratio; (c) Normalized EL spectra of perovskite LEDs based on
the 40% PEABTr perovskite films without and with crown; (d) Normalized EL spectra

of perovskite LEDs based on the 60% PEABr perovskite films without and with

crown.
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Supplementary Figure 20 (a) Angular intensity profile of a perovskite LED based on
40% PEABr-crown perovskite film compared with a Lambertian radiator emitting in
normal and off normal direction. The angular dependent Lambertian emitter profile is
calculated by an equation of I = Iy cosé. Here, 1 is light intensity at an angle of é. Iy is
the light emitting light intensity at normal direction. Here, Iy is assumed to be “1’. (b)
A photograph of working 40% PEABr-crown LED device with an emitting size of 1.5

=1 cm? operated at a bias of 4 V.
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Supplementary Figure 21 Cartoon image of LED device characterization system.
Current density—voltage characteristics were driven and collected by Keithley 2400,

while PhotoReasearch Spectrometer PR670 was used for light output measurements.
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Supplementary Figure 22 EQE histogram of 42 LED devices for perovskite LEDs
based on 40% PEABr-crown perovskite film. The fitting curve is a distribution

function, demonstrating the spread in measured performance.
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Supplementary Figure 23 (a) J-V curve and (b) V-L curve of 40% PEABr perovskite
LED with forward and backward scanning, (cd) J-V curve and (d) V-L curve of 40%

PEABr-crown perovskite LED with forward and backward scanning.
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Supplementary Figure 24 (a) Scanning rate dependent current efficiency and (b) V-L
curves for 40% PEABr-crown perovskite LEDs. The scan rate of 0.75, 0.5, 0.25, 0.1

V step is around 0.15, 0.1, 0.05 and 0.02 V s, respectively.
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Supplementary Figure 25 Steady-state EQE measurement for perovskite LEDs
based on the 40% PEABTr perovskite films without and with crown (a) The devices
were driven by a voltage of 3.5 V for a short period; (b) The devices were driven by a

current level of 2 mA cm for a long period.
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Supplementary Figure 26 (a) UV-Vis absorption and PL of colloidal CsPbBr;
nanocrystal (TEM image inset), (b) J-V-L curves of colloidal CsPbBr; nanocrystals

based LEDs with different thickness and precursor (40% PEABr with crown) based

LEDs.
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Supplementary Figure 27 PL intensity with different optical excitation density

against time for the perovskite films without and with inorganic ligand. (a) 0% PEAB!,

(b) 40% PEABT, and (c) 40% PEABr-crown.
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Supplementary Figure 28 Fits to the experimental data presented in Figure 4d-f for

18
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(@) 0% PEABTI, (b) 40% PEABr, and (c) 40% PEABr-crown, using the function:

log (—5) = log(ky - 10180 + k, - 107108 + ke, - 103196W), which is equivalent

to Supplementary Equation 1. Red lines show fits with k;, k,, ks unconstrained.

Blue lines show the effect of subsequently setting k, to zero.
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Supplementary Figure 29 (a) Transient absorption spectra and (b) time-delays and
spectral regions for thin films of CsPbBr; for time-delays and spectral regions as
indicated. Spectra show a small red-shift due to carrier cooling. No clear signatures of
spectral relaxation and energy funnelling are seen in the Kkinetics for spectral regions

above or below the main bleach peak.
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Supplementary Figure 30 Normalized transient absorption spectra and kinetics for

thin films of (a) 40% PEABr perovskite and (c) 40% PEABr-crown perovskite, (b, d)

kinetics of the transient absorption signal in two separate spectral regions as indicated

in (a) and (c), respectively. Spectra show a strong red-shift due to energy funnelling.

Signatures of energy funnelling are seen in the kinetics for spectral regions above or

below the main bleach peak as full transfer of the signal intensity from high to low

energy regions within 2 ps for both samples.
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Supplementary Table 1 Average crystallite size of perovskite films extracted Scherer

equation by 6-26 XRD in Supplementary Figure 3.

Samole 0% 20% 40% 60% 40%
P PEABr PEABr PEABr PEABr PEABr-Crown
A Si
verage -ize 42.8 33.9 18.5 143 13.3

(nm)
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Supplementary Table 2 PLQY of the 40% PMABT or BABr perovskite films without

and with crown.

Ligand PMABr BABr
without 0.91 /
With Crown 21.6 12.6

33



Supplementary Table 3. A summary for published output characteristics of

representative perovskite LEDs.

EL Publication
. . EQE CE Lmax t
Perovskite Type Device Peak N , Date
[%] [cdAT]  [cdm™]  [V]
[nm] [year.month]
ITO/PEDOT:PSS/
CH3NH;3PbBr3 CH3NH3PbBr/F8/Ca/ 517 0.1 364 3.3 2014.08"
Ag
Glass/SOCP/
CH;3NH3PbBrs CH3NH3PbBr,y/TPBI/ 8.53 429 2015.09°
LiF/Al
CeHsC,HNH3)»(CH  ITO/TiO,/2D-Perovsk
( 6f 1582114 3)2( - 2 8.8 38 2016063
3NHg)n1Pbpl3ni ite/F8/MoO4/Au
ITO/PEDOT:PSS/
(PEOA),(MA),_1Pb, ) ) 506/ .
Perovskite/TPBi/Ba/ 2.84 8.23 64.2 2016.09
Bran1 520
Al
ITO/ZnO/PEIE/MQW 5
NMAFA, 1Pbyl 3041 763 11.7 13 2016.12
/TFB/MoO,/Au
BABr:-MAPbBry/BAlI  ITO/PVK/Perovskite/ 513/ 9.3/ 17.1/ 2017 028
:MAPbDI; TPBI/LIiF/Al 748 104 0.09 '
NMA,(FA/Cs),.1Pb,  1TO/ZnO/PEIE/MQW ;
688 3.70 440 2.0 2017.03
I3n+1 /TFB/MoO,/Au
ITO/PEDOT:PSS/
(PEA)2(MA),.1Pb, _ o o
Perovskite/TPBI/LiF/ 74 8400 2017.05
Brane
Al
ITO/ZnO/PVP/
Cspg7MA 13PbBI3 Perovskite/CBP/ 520 10.43 33.9 91000 2.9 2017.06°
MoQ,/Al
ITO/m-PEDOT:PSS/
PEA,(FAPDBr3),.1 Perovskite/TOTO/TP 1
o 532 14.36 62.4 9120 2018.02.08%°
PbBr, Bi/LiF/
Al
ITO/poly-TPD/Perovs
PEABTI:CsPbBr3 514 15.5 49.1 19540 2.8 Our work

kite/TPBI/LiF/Al
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Supplementary Table 4. A summary for published operational lifetime of

perovskite LEDs

. Publication
. . . . Operation
Perovskite Type Device Structure Operation Condition o Date
Lifetime
[year.month]
ITO/TIO,/EA/IMHP/SPB-02 ) u
MAPDBr; Lox120 cd m™, at 4.8 V L5g=55 h 2015/05
T/MoO3z/Au
ITO/PEDOT:PSS/
CsPbBr3 NPs poly-TPD/PFI/MHP/TPBI/Li At5V Ls=~10 min 2016/01%
F/IAl
CsPbBr;:CsBr = )
ITO/PEDOT:PSS/MHP/ Lo=100 cd m™, at L > L, for >15
1:0.4 2016/09%
) B3PYMPM/Cs,CO5/Al 66.67 mA cm-2 h
(molar ratio)
CsPbBr;:PEO:PVP
=100:50:5 (weight ITO/MHP/In:Ga Lex100 cd m? at27V  L>Lgfor>1h 2016/09™
ratio)
NMAL:
ITO/ZnO/PEIE/MHP/TFB/ 5 5
FAL:Pbl, = 2:1:2 At 10 mAcm’ L5100 min 2016/09
. MoO,/Au
(molar ratio)
At10V,
Au/p-MgNiO/MHP/PMMA/ un-encapsulated, 5
CsPbBr3; NPs ] . Lgo=9 h 2016/12
n-MgZnO/n+-GaN under ambient condition
(RH =30-50%)
BAIL:MAPDI; = L7¢~300 min
ITO/poly-TPD/ 5 1
20:100 (near o At3mAcm (NIR) 2017/01'®
. MHP/TPBI/LiF/Al
infrared (NIR))
BABr:MAPbBr; = ITO/PVK/ ) Ls~48 min 6
o At3mAcm’ 2017/01"
20:100 (green) MHP/TPBI/LIiF/Al (green)
ITO/PEDOT:PSS/MHP/TPBI
MAPbBr, _ At6.5V Lsp=100 s 2017/03"
ILiF/Al
FA(.§CS,PbBr3 ITO/PEDOT:PSS/TFB/MHP/ 18
L Not reported L5o=80 s 2017/03
NPs TPBI/LiF/Al
EQE > EQE
ITO/poly-TPD/MHP/TPBI/ , QF > QR .
MAPDI; . At3mAcm’ for 2017/04%°
LiF/Al
>300 min
NMAI:CsCI:Pbl, =
2:1:2 ITO/ZnO/PEIE/MHP/TFB/
_ At 10 mA cm™ Lso=5 h 2017/04
(molar ratio) (red, MoO,/Au
688 nm)
CsPbBr3:PEO =6:1 ITO/PEDOT:PSS/MHP/TPBI ) "
) . ) Ly=1000 cd m’ Lgy=80 h 2017/05
(weight ratio) ILiF/Al

35



PVP

(BA),(MA),Pb4l,,

NMALI:FAI:Pbl, =
2:1.9:2
(molar ratio)
PEA,(FAPbBr3), 1
PbBr,

PEA,Cs,.1PbnBra;.1

ITO/ZnO/PVP/MHP/
CBP/MoO4/Al

ITO/PEDOT:PSS/MHP/
PCBM/AI

ITO/ZnO/PEIE/MHP/TFB/
MoO,/Au

ITO/m-PEDOT:PSS/MHP/
TOPO/TPBI/LIF/AI
ITO/poly-TPD/PFN/MHP/
TPBI/LiF/Al

Lo~ 65 cd m?, at5V

Lo~6 W Srim? At2V

At 100 mA cm™?

At 0.5 mA cm?

At 2 mAcm?

LSO:I h

More than 14 h

L5oz3 0 min

L50: 120 min

LSO:QO min

2017/06%

2017/10%

2018/02%

2018/02°

Our work
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Supplementary Note

Supplementary Note 1 - Discussion of effect of PEABr on impeding perovskite
crystal growth

The impeding effect of PEABr on perovskite crystal growth can be ascribed to the
strong hydrogen bond between hydrogen atom of PEABr and halide atom in PbBrg
(N-H --X), which can occur in two forms: either bridging halide configuration (two
bridging halides and one terminal halide) or terminal halide configuration (two
terminal halides and one bridging halide)®*. The configurations are determined by
geometric constraints of the organic groups and organic tails (as shown
Supplementary Figure 1). Since PEABr is much larger than cesium cation, the growth
of perovskite crystallites (A=PEABY) is impeded due to the incompatibility between

relative large PEABr ammonium ions and PbX,4 (X = I, Br, Cl) octahedral layers.

It is quite difficult to directly observe the OHP nanoplatelets when the PEABT ratio is
over 40%. Fortunately, when the PEABT ratio is 5% or 10%, thick nanoplatelets can
be observed by SEM (as shown Supplementary Figure 2). In these images,

self-packed nanoplatelets are easily recognized.
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Supplementary Note 2 - Determination of microstructure by XRD, TEM and
scanning electron microcopy- energy-dispersive X-ray spectroscopy (SEM-EDX)
In 626 XRD scans detecting Bragg peaks normal to the substrate (Supplementary
Figure 3), the (110) plane peak at 6 = 21.6°disappears while the (100) and (200)
plane diffractions become stronger with addition of PEABr which reveals that the
crystal (001) plane displays preferential orientation in the plane of the substrate.
Supplementary Figure 4 shows the GIXRD profiles of perovskite films with different
amount of PEABr. The diffraction spots or rings at q= 10.7, 15.2 and 21.5 nm™ are
assigned to (100), (110) and (200) planes of the perovskite structure, which is in line
with the 826 XRD measurement. According to normal XRD and GIXRD analysis, it
is safely concluded that there is a preferential orientation along (001) plane direction

in OHP films with adding PEABT.

We also plot the azimuthally integrated scattering intensity of different GIXRD
profiles along the ring at g= 10.7 nm™ for (100) plane in Supplementary Figure 5.
Preferential orientations with obvious peaks at the azimuth angles of 90<are observed
after incorporating PEABT into perovskite film. These results illustrate that an ordered
crystal orientation is facilitated by the addition of PEABr, which reveals the
preferential growth unit cell®, as shown in Supplementary Figure 6. This preferential
cell should be ascribed by self-packed PEA,Cs,.1Pb,Brsn+1 nanoplatelets, which is
consistent with the later optical measurement. It worth noted that this preferential

orientation become weak over 40% PEABTr, however, the reason is not clear.

As shown in Supplementary Figure 3, besides the perovskite diffraction peaks, some

unexpected small peaks at 5.26°, 10.6°and 27.9° are also observed with increasing the
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PEABr molar ratio. Interestingly, XRD pattern of pristine PEABTr film also exhibits
strong peak at 5.26°, 10.7° and 27.5°, indicating that PEABT is also crystalized in OHP
film formation process. Synchrotron based 2D GIXRD measurements confirmed this
point. The PEABF diffraction signal from GIXRD at g= 2.97 nm™ becomes stronger
with the increased PEABr ratio, which is ascribed to increasing PEABr

self-crystallization (Figure 1 c, d and Supplementary Figure 4).

The addition of crown suppresses the formation of PEABr aggregates as well as
reduced preferential orientation of (100) plane. As shown in Supplementary Figure 3,
the (110) plane peak can be detected again upon adding crown due to its reduced
preferential orientation of crystallites. In addition, azimuthally integrated scattering
intensity of different GIXRD profiles along the ring at g= 10.7 nm™ (100 plane)
reveals that there is a reduced preferential orientation, as shown Supplementary
Figure 5. This crystal unit orientation changes from CsPbBr; (0% PEABF) to the OHP

film with PEABr or PEABr-crown is illustrated in Supplementary Figure 6.

The addition of crown only slightly affects the thickness of perovskite films (0%
PEABTr: 34.5640.58 nm, 0% PEABr-crown: 37.204.32 nm; 40% PEABT: 39.4640.33
nm; 40% PEABr-crown: 42.6540.15 nm; 60% PEABr: 45.1340.46 nm; 60%
PEABr-crown: 50.0140.43 nm). It shows approximately 10% difference before and
after crown addition. These relatively minor differences in thickness cannot explain

the large differences of the PEABr diffraction signals in XRD and GIXRD.

TEM images for the 40% PEABTr perovskite with and without crown further confirm
the suppression of PEBr aggregation, as shown in Supplementary Figure 7. According
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to these images, PEABT aggregation can be observed, and which may reveal that there
is large phase segregation between PEABr and perovskite. After adding crown, the
aggregation is significantly reduced and the crystallite size is uniform and small.
Though drop-casting is different compared with spin-coating, the intrinsic properties
should be same. According to TEM images, we can directly observe that there is a

large phase separation between PEABr and perovskite.

In order to provide the further evidence for phase separation, SEM-EDX mapping is
collected, as shown Supplementary Figure 8. After incorporating crown in 40%
PEABTr perovskite film, the distributions of Pb, Cs and N become more uniform than
in the 40% PEABr perovskite film, which is evidence for less pronounced phase

separation.

GIXRD measurement is also conducted for 0% PEABr CsPbBr; with different
amount of crown, as shown in Supplementary Figure 10, which confirms the
suppression of perovskite growth in the presence of crown. According to GIXRD
images and integrated diffraction signal, the diffraction signal of 0% PEABr
perovskite at 10.7, 15.1 and 21.4 nm™ for (100), (110) and (200) planes become
weaker with increasing crown mole ratio. When the crown ratio is 80%, the film
becomes amorphous without any diffraction signal. When the crown ratio is 100%,
some new diffraction peaks at 5.67, 8.35 and 9.08 nm™ appear, which have not been

identified yet.

Film morphology measurement is conducted for 0% PEABr CsPbBr; with and
without crown. Here, the concentration of crown in optical measurement and LED
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device is very small (only 3.5 mg ml™, mole ratio of crown/(CsBr+PbBr,) is 0.07).
The restriction of perovskite growth can be identified. As shown SEM images of 0%
PEABr CsPbBr; perovskite with and without 7% mole ratio crown in Supplementary
Figure 11, pristine 0% PEABr perovskite film (0% PEABT) shows discontinuous and
large crystallite size, while after adding small amount of crown, the crystallite size
become smaller. According to SEM images (Supplementary Figure 11), the perovskite
crystallite size is dramatically suppressed in the presence of crown. In addition, the
film coverage ratio is also improved. The reduced crystallite size is in line with the
blue-shift in PL and absorption spectrums (Figure 2a, b), indicating an enhanced

spatial confinement.

6-20 XRD and GIXRD show no difference in diffraction peak position of 0% PEABr
perovskite except crown ratio is over 30% (also observed from Supplementary Figure
10), meaning that the crystallite structure has no change besides the reduced
crystallite size. 6-20 XRD (Supplementary Figure 12) shows that the diffraction peak
becomes wider, which further confirms the reduced crystallite size in the presence of
7% crown. The calculated crystallite size decrease form 45.8 nm to 20.3 nm according

to Scherrer equation.

In conclusion, according to absorption, SEM, 2D GIXRD and #-26 XRD, the most
important role of crown is suppressing PEABr self-packing aggregation and
concomitant inhibiting of phase separation. Besides that, crown interacts with Pb®* to
suppress the perovskite growth. The amount of crown must be small enough to
guarantee that not only PEABT aggregation can be suppressed, but also that it does not
hinder perovskite growth significantly.
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Supplementary Note 4 - *H nuclear magnetic resonance (NMR) spectra and
Dynamic light scattering (DLS) measurements

To further confirm the interaction between crown and PEAB, CsBr, PbBr,, we use 'H
NMR to characterize the interaction between crown and Pb*, Cs*, PEA*. 'H NMR
spectrum of crown with PbBr,, CsBr, and PEABr individually are measured,
respectively. The mole ratio between crown and PbBr, (CsBr, PEABY) is 1:1. As
shown in Supplementary Figure 14a, the proton resonance signals of crown (peak at
0=3.506 p.p.m.) shift downfield when adding CsBr (3.529 p.p.m.), PbBr, (3.531
p.p.m.) and PEABr (3.547 p.p.m.), respectively. Here, such chemical downshift can
be assigned to the hydrogen bond between PEA® and oxygen atom in crown
molecular, or coordinating bond between Pb%*, Cs* and crown molecular. These bond
interactions result in proton chemical environmental change. And this downfield
chemical shift for proton in crown increases from Cs*, to Pb®* and PEA*, which

reveals that the interaction between crown and PEA" is the strongest.

This observed chemical shifts are consistent with the radius of Pb** (120 pm) being
more suitable for crown (18-crown-6, hole radius is 130-160 pm) than Cs* (169 pm),
from which one would expect a stronger interaction between Pb** and 18-crown-6
than that between Cs™ and 18-crown-6. There are three hydrogen bonds between
PEA"™ and crown, so the interaction is expected to be the strongest among them.
Besides that, the proton resonance signals of PEA™ (peak at 6=7.893 p.p.m.) shift

towards upfield after incorporating with crown as shown in Supplementary Figure 14,
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which can also be attributed to the hydrogen bonds discussed above.

In order to investigate the interaction in mixed system, we prepare two samples,
PEABr-crown-PbBr, (molar ratio is 1:1:1) and PEABr-crown-PbBr,-CsBr (molar
ratio is 1:1:1:1). The 'H NMR spectra for these two samples are shown in
Supplementary Figure 14b. When there are crown, Pb** and PEA" in solution, the
shifts of proton resonance signals of PEA* and crown is similar with PEA*-crown
sample. It means that PEA* and crown exhibit stronger interaction than Pb** and
crown. However, when crown, Pb?*, Cs*, and PEA* are mixed together, the shifts
becomes smaller. We speculate that it is ascribed to perovskite nanocrystal formation
even in solution®, which would reduce the interaction between crown and these three

ions.

In summary, the interactions between crown and Pb%*, Cs*, PEA* are probed by
'HNMR. The comparative strength of the interactions of crown is in an order of

PEA">Pbh?">Cs".

To further confirm the interaction between crown and PEABT, precursors with and
without crown in DMSO were measured by dynamic light scattering (DLS)?®, as
shown in Supplementary Figure 15a. The colloidal size changes from around 7 nm to
around 200 nm after adding 40% PEABT, which should be ascribed to the formation
of PEABr clusters in DMSO. Since there is an interaction between the cluster and

lead polyhalide, only one DLS peak is observed. With the addition of crown, the
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cluster average size reduces to approximately 4 nm, which is interpreted by
suppressing PEABr-induced aggregation. We thus speculate that PEA cations and lead
polyhalide framework displays strong interaction in the form of a complex
components with a large size. In order to verify this assumption, pristine PEABr
solutions with and without crown in DMSO are also measured. As shown in
Supplementary Figure 15b, pristine PEABr aggregation in DMSO is easily observed.
As we expected, this aggregation disappeared with adding crown, which confirms

PEABT self-crystallization.
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Supplementary Note 5 - Temperature dependent PL measurements

Temperature dependence of the PL spectra is shown in Supplementary Figure 16a, b
and c. All the samples show an asymmetric PL shape at low temperature, which
reveals that sub-band-gap state radiative relaxation is likely to contribute PL emission
besides band-to-band one?*°. A temperature dependent PL measurement for single
crystal CsPbBr; by the Bridgman method shows one strong PL peak at 532 nm (2.33
eV) and weak one at approximately 540 nm (2.29 eV) at 10 K*. In addition, energy
transfer from band-to-band to sub-band-gap state occurs®. Regarding to 0% PEABr
OHP film, the PL shows slight blue PL shift with increasing temperature, and it
displays a strong peak at 530 nm and weak red tail at 77 K, which is consistent with
previous temperature dependent single crystal of CsPbBr; growth by the Bridgman
method?®®. Recently, white light emission is observed in <001> orientated bromide 2D
perovskite at low temperature®®. The low-energy emission originates from
sub-band-gap states instead of a new bulk phase®’. A low-symmetry phase transition
change results in the stacking of platelet sheets from eclipsed to staggered at low
temperature. However, it is still unclear why the broad sub-band-gap emission in
these <001> orientated bromide 2D perovskite only occurs at low temperature®. Here,
regarding to 40% PEABr OHP film, low-energy emission becomes stronger with
reducing temperature, which is likely to assign 2D bromide perovskite sub-band-gap
state emission. With incorporating crown, dimensional distribution of 2D perovskite is
changed, which dramatically effects sub-band-gap state emission in 40%

PEABr-crown based OHP sample at low temperature. In addition, the band-to-band
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emission becomes very weak because efficient energy transfers from band-to-band to
sub-band-gap state emission when temperature is below 140 K?. This observation is
also consistent with a fact that more asymmetric peak is observed with incorporation
of crown even at room temperature, as shown in Figure 2b. The low-energy emission
difference between perovskite with and without crown is correlated with their
variation of 2D platelet dimensional distribution.

We have also analyzed the temperature dependence of the integrated PL signal in
terms of a standard model that is used to roughly valuate exciton binding energy
values®. The plot of temperature (T)-dependent PL intensity (I(T)) is shown in

Supplementary Figure 16 (d), which can be fitted using:

Iy

1(T) = 1+ Ae Ev/ksT

Here, Iy is the PL intensity at 0 K, and kg is the Boltzmann constant. According to the
fitting results, E;, values are extracted of approximately 40.5+1.4 meV, 63.8+1.3 meV
and 69.5+ 2.2 meV for pristine CsPbBr;, 40% PEABr perovskite and 40%
PEABr-crown perovskite films, respectively. Obviously, 40% PEABr-crown film
displays the largest binding energy, which is qualitatively in line well with the
strongest PL intensity and the notion of a more uniform crystallite environment and

higher dielectric confinement.
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Supplementary Note 6 - Discussion of exciton binding energy

After addition of crown, PLQY is dramatically enhanced, as shown in Figure 2c. This
enhanced PLQY should be correlated with increased mono-molecular recombination
ratio, which will be discussed later. We speculate that a larger exciton binding energy
Ep is achieved with incorporation of PEABr compared to pristine CsPbBrs.
Consequently, increased E, would result in a reduced optical bandgap (Eopt) as Eg is
constant, as shown in Supplementary Figure 17. Thus, a red-shift in PL is observed

with incorporation of crown.
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Supplementary Note 7 - Alternative OHP based on different organic ligand with
adding crown

We have found that the effect of PLQY enhancement upon crown addition can also be
observed for OHP films based on different organic ligands. Supplementary Figure 18
shows XRD diffraction patterns of OHP films formed with phenylmethanamium
bromide (PMABr) or BABr and Supplementary Table 2 shows the corresponding
PLQY. Analogous to PEABT, the PMA based OHP film with crown yield PLQY of
21.6% due to suppressed PMABT crystallization, which is dramatically improved in
comparison with that of the PMABr-only based OHP film. Also, for BABr a
significant, though not quite as large increase in PLQY is observed. In this case we
have no evidence for BABr crystallization from the XRD. The increased PL in BABr
based OHP may reflect different size distributions of nanocrystals in the films
affecting the efficiency of energy transfer. This will need to be investigated in more

detail in future work.
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Supplementary Note 8 - LED device characterization

In Supplementary Figure 19-25, we present more detailed LED characterization.
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Supplementary Note 9 - LEDs based on colloidal CsPbBr; nanocrystal

It is worth noting that a state-art-of CsPbBr3; nanocrystal can achieve PLQY of 100%
via carefully tuning chelating ligand to minimize the surface defect®. It is expected
that these CsPbBr; nanocrystal should be an excellent candidate for LED. However,
because an insulating long chelating ligand layer (oleic acid and oleylamine) is always
present for nanocrystal surface passivation and solution dispersing capability, charge
transport becomes a great challenge in solid CsPbBr; nanocrystal film. Here, a high
quality CsPbBr; nanocrystal with PLQY of approximately 92% is achieved
(absorption, PL and transmission electron microscopy (TEM) images show in
Supplementary Figure 26). The nanocrystal with diameter of approximately 10 nm is
comparable with light emitting nanocrystal in crown-based sample (approximately 13
nm). However, a LED device with as similar film thickness (approximately 40 nm, 4
to 5 nanocrystals in vertical direction) as precursor based one only achieves a
luminescence of 6 cd m? as shown in Supplementary Figure 26b. A very high
resistivity is observed due to the presence of an insulating long ligands covering
CsPbBr3 nanocrystal. If we reduce the nanocrystal film thickness to approximately 15
nm (2 to 3 nanocrystal in vertical direction), an EQE of approximately 5% is achieved,
which is comparable with the present of state-of-art CsPbBr3 nanocrystal based LED**.
It confirms that the charge transport is still a limited factor for CsPbBr; nanocrystal
based devices. However, the precursor based perovskite films consist of much shorter

organic ligands, the transport is not limited by the ligand resistivity.
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Supplementary Note 10 - Time-resolved PL and TA measurements

In Supplementary Figure 27-30, we present more detailed time-resolved PL and TA

characterization.
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