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The low-dimensional organic-inorganic halide perovskites with self-trapped exciton emission have promising prospects for
single-phase white-light emitters. However, so far, these broadband white-light-emitting (BWLE) perovskites were synthesized
by trial-and-error testing spacing molecules. Here, we developed a steric hindrance regulation strategy to predictably synthesize
BWLE perovskites. The molecules containing C—-C(-NH,)—C groups were introduced into low-dimensional perovskites, which
brings a large steric hindrance in-plane orientation. The bigger C—C(—NH,)-C bond angle would induce larger structural
distortion in perovskites, which leads to the higher rate of self-trapping of excitons and the deeper self-trapping depth. The
photoluminescence spectra of the synthesized perovskites can cover the cool-to-warm white light region. Overall, we fabricated
a material library consisting of 40 kinds of BWLE compounds according to this strategy. Our findings develop a general strategy
to synthesize BWLE perovskites and offer a material platform for optoelectronic applications.
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Nowadays, white-light-emitting diodes (LEDs) are widely
used for artificial lighting. The traditional white LEDs con-
tain multiple color emitters, which suffer from color in-
stability and efficiency loss due to different degradation rates
and overlapping absorption of the emitters. Thus, developing
single-emitters with broadband white-light emission is ne-
cessary for lighting applications [1-4]. Recently, low-di-
mensional organic-inorganic hybrid perovskites emitting
broadband white light emerge as an interesting candidate and
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show promising prospects for single-component white-light
emitters. It was firstly proposed in a two-dimensional (2D)
perovskite by Karunadasa et al. [5,6]. Hereafter, some
BWLE perovskites were discovered [2,7-12]. The broad-
band emission arises from self-trapped excitons (STEs),
which are photogenerated in the deformable lattice asso-
ciated with the strong electron—phonon coupling [13-16].
Although it is generally recognized that the structural dis-
tortion in the inorganic layers of perovskites plays a key role
in determining the self-trapping of excitons [8,9,17-21], the
origin of the structural distortion is not yet clear. So far, the
reported organic-inorganic hybrid BWLE perovskites have
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been synthesized by screening the spacing organic mole-
cules. Therefore, it is highly desirable to develop a design
strategy for the direct synthesis of BWLE perovskites.

Herein, we reveal the effect of molecular configuration on
the structural distortion of perovskites and pioneer a steric
hindrance regulation strategy to predictably synthesize
BWLE perovskites. Typically, the spacing molecules con-
taining C—C(-NH,)—C groups were applied to synthesize 2D
perovskites, which bring a large steric hindrance in the in-
plane orientation and induce the structural distortion. The
degree of the structural distortion in the perovskite could be
regulated by controlling the C—C(-NH,)—C bond angle of the
molecule, which determines the self-trapping of free excitons
(FEs). The synthesized perovskites exhibit the tunable
broadband emission covering from 400 to 800 nm, and the
bigger molecular steric hindrance induces the larger struc-
tural distortion and the higher self-trapping rate of excitons,
which, therefore, results in the cool- to warm-white-light.
According to this strategy, we can extend the functional
molecules to secondary and tertiary amines with the group of
C-NH,—C, and successfully fabricate 40 kinds of perovskites
with the broadband emission. Our studies open a general way
to the direct synthesis of abundant BWLE perovskites and
uncover the relationship of molecular steric hindrance—
structural distortion—STEs in the perovskites.

2D bromide-based perovskites are the most commonly
obtained BWLE perovskites [11]. For the prototypical (100)-
oriented 2D bromide-based perovskite, it can be considered
as the crystallographic layer slicing along (100) planes of the
parent three-dimensional perovskite, and PbBrg octahedrons
are connected by sharing corners to form layered frameworks
[11]. The inorganic framework layers are spaced by long-
chain organic ammonium (R-NHj;") layers, and the R-NH;"
cations are embedded into the interstitial space of the four
adjacent PbBrg octahedrons by the attractive Coulomb force
between R-NH," and PbBr" . Due to the steric hindrance
effect, the molecular configuration involving the bond angle
and length of the alkyl group bonding to —-NH;" would in-
fluence the structure of the inorganic framework in per-
ovskites [8,9,17].

Thus, cyclopropylamine (c-Cs), cyclobutylamine (c-C,),
cyclopentylamine (c-Cs), cyclohexylamine (c-Cg), iso-
propylamine (2-C;), and sec-butylamine (2-C,) with differ-
ent bond angles were used as spacing molecules to fabricate
perovskite crystals. We synthesized the 2D lead-bromide-
based perovskite single-crystals by the reported anti-solvent
diffusion method (see Supporting Information for detailed
experiments) [12,22]. As shown in Figure la, the C-C(—
NH,)—C bond angle of ¢-C; is 60.0°. As the size of the car-
bocycle increases, the C—C(—NH,)—C bond angle gradually
increases to 111.6° for c-Cg4, which is close to the bond angle
(109.4°) of molecule 2-C; and 2-C,. In the perovskite fra-
mework, we denote the bridging Br atoms in the in-plane
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direction and terminal Br atoms in the out-of-plane direction
as Br;, and Br,,, respectively (Figure S1). When these mo-
lecules are inserted into the inorganic framework to form 2D
perovskites, the group C—C(—NH,)—C with a big bond angle
would induce large steric hindrance in the in-plane direction
and push aside the neighboring Br,, atoms. In the tightly
packed layers, the PbBr4 octahedrons consequently distort to
tolerate the geometric constraints, which may occur on Pb—
Br bond length or angle variation.

Firstly, single-crystal X-ray diffraction (XRD) measure-
ments were performed at room temperature to monitor the
structural changes of these perovskite crystals. As shown in
Figure 1b, all these plate-shaped perovskite crystals feature
layered structures, and organic ammoniums are inserted into
the perovskite framework with the general formula (R—
NH;),PbBr,. The perovskites of c-C;, ¢-C, and ¢-Cs crys-
talize in the monoclinic space group with the lattice para-
meter () decreasing from 108.9° to 108.0° and 106.2°, while
c-Cg, 2-C; and 2-C, belong to the orthorhombic space group
(Table 1 and Tables S1-S6). The product of lattice para-
meters, b and ¢, as well as the Pb—Br;, bond length of the
perovskites can be approximately considered as the lattice
expansion in the in-plane orientation, which approximately
increases as the C—C(—NH,)—C bond angle of the spacing
molecules increases. The powder XRD measurements were
performed to confirm the purity of these crystals (Figure S2).
The molecules, n-propylamine (1-C;), n-butylamine (1-C,),
cyclopropylmethylamine (¢c-C;MA), cyclobutylmethylamine
(c-C;,MA), cyclopentylmethylamine (c-CsMA), and cyclo-
hexylmethylamine (c-C{MA), were used to synthesize the
controlled perovskites which have only H—C(-NH,)-C
group (Figure 1a and Figure S3). Due to the C—H bond length
of about 1.09 A being much shorter than the C-C bond
length of about 1.54 A, the steric hindrance in the in-plane
direction of the 2D perovskite caused by the group H-C(—
NH,)—C should be much smaller than that of C—C(—-NH,)-C.

To ascertain the effect of molecular steric hindrance on the
structural distortion of perovskites, we determined the degree
of the structural distortion by calculating the distortion level
of PbBr octahedrons as following equation (1): [9,17,19,23—

d—dY
‘ [ ] (H

where d is defined as the average Pb—Br bond length of
PbBr4 octahedrons, and d; are the six individual Pb—Br bond
lengths. The Pb—Br bond length and the corresponding Ad of
these perovskites are summarized in Table 1. The molecular
configuration turns out to be the crucial factor leading to the
structural distortion of the perovskites. In general, as the
molecular steric hindrance increases, the Pb—Br;,, bonds
would be stretched. Nevertheless, the Pb—Br,,, bonds would
be compressed. According to the above analysis, we can
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Figure 1 (a) Configuration of the molecules of ¢-Cj 45/, 2-Cs3p4, and 1-C;. The C—C(—NH,)—C means the medium carbon atom bonds to the -NH, group,
which is represented with red lines. (b) The crystal structures of the corresponding lead-bromide-based perovskites. Red balls (Br), blue/violet balls (Pb), grey
balls (C), and blue balls (N). Hydrogen atoms are omitted for clarity. (c, d) The schematic of the molecular steric effect on the chemical structure of
perovskites. Red balls (Br), grey balls (Pb), blue arrows (alkylammniums) (color online).

Table 1 Crystal structure data of the perovskites and their corresponding optical characteristics

-Cs e-C, ¢-Cs ¢-Cy 2-C, 2-¢," 1-C, 1-c,*
Crystal system monoclinic monoclinic monoclinic  orthorhombic orthorhombic orthorhombic orthorhombic orthorhombic
a (A) 12.402 13.247 13.502 27.930 23.419 25.679 25.126 27.617
b A) 7.990 8.197 8.091 8.623 8.367 8.368 8.294 8.223
c (A) 8.335 8.337 8.803 8.365 8.444 8.358 8.209 8.334
a (°) 90 90 90 90 90 90 90 90
£ 108.879 107.948 106.225 90 90 90 90 90
7 () 90 90 90 90 90 90 90 90
SNPRS E N SE - A  R B
3.001 3.020 3.048 3.026 3.045 3.048 2.990 2.995
TSI T
3.004 3.021 3.077 3.194 3.049 3.048 3.000 3.003
Ad 4.7x107° 6.3x10°° 1.3x107* 7.1x107 2.5x107 1.5x107 5.0x10°° 6.7%10°°
PL Zgre/see 0.9 4.9 10.1 115.5 133 42.6 0.8 0.4
AG (eV) 0.73 0.84 0.86 1.07 0.86 1.15 0.61 0.58

a) All single-crystal XRD measurements were performed at room temperature, except perovskite 2-C, at 150 K.

picture the steric effect on the chemical structure of per- C4, and ¢-Cs56—MA, with the only H-C(-NH,)-C bond
ovskites (Figure 1c, d). The controlled perovskites, 1-C;, 1- have Ad of about 10°° which is one or two orders of mag-
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nitude smaller than that of the perovskites containing
C—C(-NH,)-C bonds (Table 1 and Table S7). The larger
C—C(-NH,)—C bond angle, the bigger Ad. Especially, the
single-crystal structure data from the perovskite of 2-C, can
be only collected at low temperature (150 K), which may be
due to the serious vibration of the molecule at room tem-
perature. At low temperatures, the long Pb—Br;, bond of the
distorted PbBrg octahedrons would shrink, while the short
Pb-Br,,, bond would expand, which would cause the de-
crease of the Ad value compared with that at room tem-
perature (Note S1) [26].

In 2D lead-bromide-based perovskites, the quantum con-
finement effect mainly determines their bandgaps. Usually,
the 2D bromide-based perovskites always display an ex-
citonic absorption band at about 400 nm, and the non-ab-
sorption at longer wavelengths, which is also observed on all
as-synthesized perovskites (Figure 2a). As expected, the
controlled perovskites, 1-C;, 1-C,, and ¢-Cs,y5,sMA, with the
negligible distortion show a sharp narrowband FE-related
emission (FWHM=12—-14 nm) at about 410 nm and the
negligible broadband STE-related emission with a large
Stokes shift (Figure 2a and Figure S4). Similar photo-
luminescence (PL) spectrum is also obtained on the per-
ovskite of c-C; with the little structural distortion. However,
as Ad of the perovskite increases, the PL intensity of the
broadband STE-related emission increases accordingly on
the perovskites of ¢-Cy/5,s and 2-C5, . The average ratio of the
STE-related emission to FE-related emission (Igrps/fpgs) 1S
around 0.9, 5.0, 10.0, 115.5, 13.3, and 42.6 for the per-
ovskites of ¢-C;, ¢-C,, ¢-Cs, ¢-Cq, 2-Cs, and 2-C,, respec-
tively, which have a linear relationship with the structural

(@)

Normalized PL and absorption
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distortion of perovskites (Figure 2b). For the perovskite of c-
Cs4, their FE-related emissions exhibit an asymmetric band
spectrum. The low-energy shoulder peak at about
415-430 nm can be attributed to the repabsorption of the FE-
related emission in the thick plate-shaped perovskite crystals
[22]. As shown in Figure 4, such perovskites with overall
broadband PL spectra from 400 to 800 nm can cover from
the cold- to warm-white light region. The PL quantum yields
(PLQYS) of c-Csy/5/s and 2-C;,4 are measured to be about 9%,
9%, 11%, 2%, 3% and 5%, respectively (Table S10). Be-
sides, it should be noted that bond angle variance and out-of-
plane tilting of the PbBr, interoctahedral could not be key
factors for the self-trapping of excitons, because the Pb—Br
bonds of PbBrg octahedrons might be elongated or com-
pressed without leading to bond angle changes and out-of-
plane tilting. For example, the perovskite of 2-C;, display a
large Ad, while their Br—Pb—Br bond angles nearly remain
90° and have no out-of-plane tilting of the PbBrg inter-
octahedral . (Table S8).

Interestingly, some needle-shaped crystals also grow in the
2-C, product, which crystallizes in the 9R polytype with a
formula of (C,H;,N),Pb;Br,,, being analogous with reported
(tms),Pb;Br,, and (tmpa),Pb;Br, (tms: trimethylsulfonium;,
tmpa: trimethylphenylammonium) [27-29]. The trimers of
face-sharing octahedrons assemble into Pb-Br layers
through sharing corners (Figure S5). The distortion-related
PL spectra are also evidenced on the needle-shaped crystal of
2-C,, which has an average Ad of 9.4x10™* and corre-
spondingly exhibits a similar PL spectrum to the plate-
shaped crystal of 2-C4 (Table S9 and Figure S6).

We confirmed the origin of the broadband STE-related
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Figure 2 (a) Normalized absorption (grey lines) and PL spectra (color lines) of ¢-Csy 56, 1-Csyy, and 2-Cy. Insets are the fluorescence images of the
corresponding crystals. (b) The emission ratio (Zgpgy/Irgs) 0f ¢-Csys6, 1-Csyy and 2-Csyy with different Ad. (c) Normalized excitation power-dependent PL
intensities of ¢-C3/4/5/6. (d) PL decay profiles of FE- and STE-related emissions of ¢-Csss under the excitation power of 4.3 mW. (e) The curve of

In(Isrey/Ipgs) versus AGgpyap Of ¢-Cyuyyss, 1-Cyj4 and 2-Cyy (color online).
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emission by implementing power-dependent PL measure-
ment, which shows a linear dependence from 0.00025 to
2.5 W cm ” under femtosecond-pulse laser irradiation (Fig-
ure 2¢). If the broadband PL originates from permanent de-
fects, it usually shows sublinear power dependence with the
saturation of limit defect sites under high excitation intensity
(Note S2). Moreover, the power-dependent PL lifetime was
detected without significant difference, and there is no PL
signal observed on the perovskite samples under sub-band-
gap energy excitation (450, 508 and 663 nm laser), which
further precludes the defect-derived broadband emission of
these perovskites (Figure S7 and Table S11). The defect-
derived broadband emission can also be ruled out by com-
paring the PL spectra of perovskite bulk single-crystals and
powders synthesized via the fast reprecipitation method (see
the Supporting Information for experimental details). The
powders of c-Csys5s show much lower PLQY than that of
their corresponding single crystals (Table S10), while they
have very similar PL spectra as single crystals (Figure S8).
Noticeably, for the perovskite of ¢-C;, a weak STE-related
PL spectrum centered at about 513 nm accompanies a small
PL intensity ratio of Igrgy/Irgs. As the ratio of Igrgy/Irg suc-
cessively increases on the perovskites of ¢-C,, ¢-Cs, and c-
Cs, their STE-related PL peak locations redshift from about
543 to 569 and 608 nm correspondingly. Figure 2d illustrates
the PL lifetime of these perovskites of c-Cs.s6. The PL
decay curves can be well fitted with a bi-exponential decay
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model. The fast-decay and slow-decay components can be
attributed to the non-radiative and radiative processes, re-
spectively, which give a short lifetime (z;) and a long lifetime
(1,) (Table S11). The radiative PL lifetimes derived from FE-
and STE-related emission of perovskites of ¢-Css are
around 2 ns and 2-3 ns, respectively. According to the pre-
vious report [30], the thermodynamic equilibrium between
FEs and STEs can be determined by the following equation
(2, 3), the emission ratio of Igrg/Irgs is related t0 AGgrirap
and the radiative emission rates from the STE- and FE-re-
lated states (k;srgs and &, pgs).

ISTEs o kr,STEs = [_AGself-trap]

e o~ )

1 FEs 1,FEs

In this case, the STE-related states in these perovskites are
several hundreds of meV lower than the FE-related states.
Thus,

AGself—tmp - AGself—trap
T 253meV

Here, we assume the energy gap between the FE- and STE-
related emission peak as the corresponding AGgrysp AS
expected, the ratios of In(/grpy/Irgs) show a linear relationship
with AGgey,p for these perovskites at room temperature
(Figure 2e), which verifies the relationship experimentally.
Figure 3a—d show the temperature-dependent PL spectra of
perovskite ¢-Csy56. When the temperature decreases from
293 to 77 K, the FE-related emission peaks blueshift gra-

TgrEs ~ TrFEs
T T SFEs kgT

(T =293K) )
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Figure 3 (a—d) Temperature-dependent PL spectra of ¢-Cs /55 from 298 to 77 K. The signals at about 730 and 800 nm in PL spectra are the frequency-
doubled reflection peak of 365 nm excitation light and FE-related emission. (e) Temperature-dependent PL peak and (f) PL intensity ratio of Igrgy//pgs of

¢-Csy5/6 (color online).
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dually, which can be attributed to the lattice shrinking and
bandgap increasing at low temperatures. Meanwhile, the
STE-related emission peaks suddenly redshift at 180-210 K
for ¢-Cs46 and 120—150 K for ¢-Cs. The crystal structure of
these perovskites shows no phase transition from 293 to
173 K (Table 1 and Note S1). However, as mentioned above,
the Pb—Br;, bond would shrink and the Pb—Br,,, bond would
stretch as cooling, which might influence the lattice vibration
in perovskite crystals and consequently affect the electron—
phonon coupling at the critical temperature. The ratio of
Igrpd/Ipgs at low temperatures would be determined by the
self-trapping and de-trapping process of FEs. At the initial
cooling process, the Igrgpd/Irp, of ¢-Cs 56 decreases, which
may be due to the weak exciton—phonon interaction and the
suppressed the self-trapping of FEs at low temperatures. The
Igred/Igg inversely increases from 180-210 K for ¢-C; 46 and
around 90 K for ¢-Cs, probably because the self-trapping of
FEs is enhanced and the detrapping of STEs is reduced as
AGpap increases significantly at the critical temperature.
As shown in Figure S9, the reduced electron—phonon inter-
action at low temperatures would narrow the FWHM of both
FE- and STE-related emission spectra generally. Meanwhile,
the FWHM of the STE-related emission increases at the
critical temperature of STEs emission redshift, 210 K for c-
Cs,4 and 120 K for ¢-Cs. It can be concluded that the crystal

NH;* NH3'

IIIZ

Primary ammoniums

PO O U ORI O

gelavhia ek ielere
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structures of the perovskite change in the cooling process,
which brings the stronger electron—phonon coupling at the
critical temperature and alters the optical characteristics.
Furthermore, to verify the general application of this
synthesis strategy, we fabricated the organic-inorganic hy-
brid compounds by applying more primary amines with large
C—C(-NH,)-C bond angles. No surprise, all these com-
pounds display broadband emissions. Likewise, molecules
containing secondary amines (C—NH-C) or tertiary amines
(C-N(-C)-C) groups bring larger steric hindrances than
those containing primary amines, and the broadband white-
light emissions were also obtained on their corresponding
compounds. These molecules and their corresponding PL
spectra and CIE chromaticity coordinates of these com-
pounds are summarized in Figures 4, 5, S10 and S11. We
summarized the Igrey/Ipps and AGga 0f these compounds,
which is well matched with the exponential relationship
mentioned above (Figure S12a). The crystal structures of
compound 8, 9, 10 and 13 have been reported [31-34] and
we also obtained the single-crystal structures of compound 6,
27, 29 with the well crystalline quality. As shown in Figure
S13, compound 13 and 29 exhibit a 2D perovskite structure,
and the PbBry octahedrons are connected by the corner-
sharing. The compound 8, 9, 10 exhibit an one-dimensional
structure, and the PbBry octahedrons are connected by the

#i
z
&

~

%—( —z

%

Secondary and tertiary ammoniums

16 17 18 19 20 21
N NN e P P T U N g N PN
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Figure 4 The configuration of the molecules applied to synthesize broadband emitting compounds (color online).
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Figure 5 The emission color of the compounds. CIE chromaticity co-
ordinates of the emission of perovskites of ¢-C; (purple square), c-C, (blue
square), c-Cs (green square), c-C4 (red square), other compounds (grey
cycles). The color temperatures are corresponding to c-Cj 55 (color on-
line).

face-sharing. The compound 6 and 27 also exhibit a 2D
structure, but Pb atoms coordinate with 8 Br atoms to form
hendecahedrons which are connected by the face-sharing.
We also calculated their PL ratios of Igrp/Ipp,, Which are
approximately proportional to the structural distortions (Ta-
ble S12, Figure S12b) Although some of the compounds are
not perovskite-type, they are still in the rule of the structural
distortion inducing the self-tapping of excitons. The PLQY's
of compound 7, 13, 15, 22, 29 are 4%, 12%, 20%, 11%, 17%,
respectively. Other compounds exhibit low PLQY of <1%.
The non-radiative recombination of excitons is mainly at-
tributed to the defect-trapping- and electron—phonon cou-
pling-induced decay. On the one hand, the distortion-free
perovskites of 1-C;, display higher PLQY than most of the
distorted perovskites (Table S10), because lots of defects
incline to form to relax the inner stress of the crystal with the
distorted structure. On the other hand, the cyclic ammonium-
based perovskites show a higher PLQY than the linear am-
monium-based perovskites, due to the relatively weak elec-
tron—phonon coupling in the perovskite composed of rigid
molecules.

In summary, we developed a steric hindrance regulation
strategy to predictably synthesize the BWLE perovskites.
The spacing molecules induced the intrinsic distortion was
revealed in the perovskites and the distortion-related self-
trapping of excitons was evidenced by detecting the STE-
related emission in perovskites with the controllable distor-
tion. Self-trapping excitons follow the Arrhenius relation-
ship, and their self-trapping depth determines the emission
ratio of Igg/Irgs. Based on our findings, we can speculate
that (1) under photoexcited conditions, the crystal lattice of
perovskites would be polarized; in the dynamic process of
the polarization, the inner stress in distorted PbBr, octahedral
units might drive the distorted structure to restore to the
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distortion-free structure, namely deformed lattice; the loca-
lized deformed lattice would produce a potential well and
trap the free excitons, namely STEs. (2) The larger structural
distortion might induce the heavier lattice deformation under
light irradiation, which would generate the potential wells
with lower energy and consequently trap more excitons.
Thereby, the larger the structural distortion of perovskite, the
lower the energy of the emission and the higher the PL in-
tensity ratio of Igrgs/Irgs. (3) The movement of the electron
and hole determines the dynamic nature of the lattice po-
larization and the distributed energy level of the potential
wells. As a result, the self-trapped excitons recombine and
emit photons with distributed wavelength, namely broad-
band emission. Further investigations are required to fully
understand and discover the nature of the formation and
emission of STEs.
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