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ABSTRACT: Two-dimensional (2D) hybnid halide perovskites come as a family (BN A) Pb,X5,.; (B, A= cations; X= halide). The-
sc perovskites are promising semiconductors for solar cells and optoclectronic applications. Among the fascinating propertics of
these materials is white-light emission, which has been mostly observed m single-layered 2D lead bromide or chloride systems (n =
1), where the broad emission comes from the transient photoexcited states gencrated by self-trapped excitons (STEs) from structur-
al distortion. Here we report a multi-layered 2D perovskite (n = 3) exhibiting a tunable white-light emission. Ethylammonium
(EA") can stabilize the 2D perovskite structure in EAPb.Br,, ,Cl (x =0, 2, 4, 6, 8, 9.5, 10) with EA” being both the A and B cati-
ons in this system. Because of the larger size of EA, these materials show a high distortion level in their inorganic structures with
EAPb;Clyohaving a much larger distortion than EA4Pb:Bryy, which results in broadband white-light emission in EAPb:Cle, while
EA,Pb;Br), has narrow blue emission. The averaged lifetime of the serics decreases gradually from the Cl end to the Br end, indi-
cating the larger distortion also prolongs the lifetime (more STE states). The band gap of EA,Pb;Bry;, ,Cl, ranges from 3.45 ¢V (x =
10) to 2.75 ¢V (x = 0), following the Vegard's law. First-principles Density Functional Theory calculations (DFT) show both
EA,Pb;Cly, and EAPb;Br,, arc direct band gap semiconductors. The color rendering index (CRI) of the series improves from 66
(EA,PD.Cl),) to 83 (EAPb:Br; «Cls 5), displaying high tunability and versatility of the title compounds.

er cation. All of these tunable components can be used to tai-
lor the optical and clectronic properties of the materials, ™ * to
design matenals for specific applications.

INTRODUCTION

Halide perovskite materials with hybrid organic-inorganic

structures have captured the broad interest of the scientific
community because their promises high o|m'formam:c photo-
voltaic (PV) and optoclectronic devices.” Among the leading
matenials, the APbX; perovskites are singled-out because they
deliver the highest PV performance. However, the further
utilization of the materials is hampered by the limited options
in varying the A" cation which is limited to Cs, MA'(MA™ =
CH;NH;') and FA'(FA" = HC(NH.).") which is duc to sterco-
chemical restrictions. Attempts to find alternative cations typi-
cally lead to unfavorable structures which do not have desira-
ble semiconducting propertics. An exception to this trend is
scen i the case of 2D perovskites. Decreasing the dimension-
ality from three-dimensional (3D) to two-dimensional (2D),
more versatile organic cations can be incorporated as tem-
plates to produce new structural types.'® Compared to the sin-
gle-layered 2D pcm\'skitcs,”'” multi-layered 2D perovskites
are less intensively investigated'"* but do promise superior
properties in applications such as solar cells'"* and LEDs. ™'
Multi-layered 2D systems also show better chemical stability
than the 3D perovskite materials, as the longer organic cations
are hydrophobic, making the devices moisture-stable.*"* As
the “in-betweens™ of the 3D compounds and the single-layered
2D compounds, multi-layered 2D perovskites of the formula
(B)(A),Pb X,,., (B, A= cations; X= halide) can be tuncd
through multiple pathways: (1) layer thickness (i.c. value of
n);"' a (2) halide anion;" (3) metal cation; (4) organic spac-

One of the emerging applications for perovskite materials
comes in white light-emitting diodes (WLEDs) for solid state
lighting. Single component white-light emitters have an casily
controlled emission, better color rendering capability and re-
producibility comparing to the multicomponent pbosphom.m'm
Unlike the doping strategy (rare carth ion into a host matrix),
the energy transfer approach, white-light emitting nanocrys-
tals™" or other hybrid organic-inorganic  white-light
emitters,”” ** broad band emissions in perovskite materials are
usually associated with structural distortions,” " which gives
rise to self-trapped excitons (STEs) duc to strong clectron-
phonon coupling after photoexcitation.™ ™ Most of the report-
ed white-light cmitting perovskite materials up to date are
single-layered 2D lead bromide or chloride ?cro\'skitcs, for
instance (C;H,;N;)PbBr,,” (N-MEDA) PbBr," (N-MEDA =

Nl-methylethane- 1,2-diammonium), (EDBE)PbCL,,
(EDBE)PbBr,”  (EDBE =  22-  (cthylencdi-
oxy)bis{cthylammonium), (C,,H,.NH,),PbBr,‘", a-

(DMEN)PbBr; (DMEN = 2-(dimethylamino)ethylamine)”,
(CsHsCHNH:,PbCL" and (AEA)PbBr, (AEA = 3-(2-
ammoniocthyl Janilinium).”

In this work, we report the first example of multi-layered 2D
perovskite with tunable white-light emission obtained from the
use of ecthylammonium (CH.CH,NH;" = EA’) cation.
EAPb;Cl,,, EA,Pb:Br,, and the EA,Pb;Br,,,Cl, solid solu-
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tion are synthesized, and they represent a very rare example of
a multilayer perovskite made of a single cation acting both as
the B and A-cation in the structure of (BNA)Pb,Xs,.,. The
crystal structures of the EAPb.Cl,, and EAPb,Br,, perov-
skites are similar but the chlonde analog is heavily distorted
with respect to the bromide. The greater distortion is the re-
sult of the relatively large size of EA than the standard A-
cations and smaller cage size of the chlonde analog compared
to the bromide. The PL emission reflects the structural distor-
tion as EA,Pb.Cl;, has a broadband white-light emission and
EA,Pb;Br, has a narrow bandwidth of bluec emission. To
maximize the cffect of STEs for broad emission, we further
tune the compositions in the solid solutions, and find two of
the intermediate compounds EAPb,Br, Cl, (x = 8, 9.5)
which have more optimized white-light emissions than
EAPb;Cly. This provides a uscful handle for controlling the
photoluminescence (PL) properties in hybrid perovskite sys-
tems by utilizing the structure-PL relationship.

EXPERIMENTAL SECTION

Synthesis

Materials. PbO (99.9%), PbCly (98%). PbBr (98%),
cthylamine hydrochloride (98%), hydrochloric acid (ACS
reagent, 37%) and hydrobromic acid (ACS rcagent, 48%)
were purchased from Sigma-Aldrich and used as received.

Synthesis of EAPb;Cl,; An amount of 1.338g (6
mmol) 99.9% PbO powder was dissolved in 20 ml of 37%
hydrochloric acid by heating under stiring for 15 min at
180°C until solution tumed colorless. 0.652g (8 mmol) of
solid cthylamine hydrochloride was added directly to the
above solution under heating and then kept under stirmng until
about 70% of the above solution was cvaporated. If the solu-
tion is not concentrated cnough, then PbCl; co-precipitates.
Transparent rectangular plate-like crystals precipitated (Figure
S2) during slow cooling to room temperature Yield 1.237g
(53.3% based on total Pb content).

Synthesis of EAPbyBryu An amount of 1.338g (6
mmol) 99.9% PbO powder was dissolved in 10 ml of 48%
hydrobromic acid by heating under stirnng for 10 min at
180°C until solution tumed colorless. 0.652g (8 mmol) of
cthylamine hydrochloride was added dircctly to the above
solution under heating. Yellow rectangular platelike crystals
(Figure S2) precipitated dunng slow cooling. Yield 1.218g
(37.9% based on total Pb content).

Synthesis of EAsPbBr.,Cl, (x = 9.5, 8, 6, 4, 2). Using
solid-state grinding method, EAPb:Brio..Cl. (x = 9.5, 8, 6, 4,
2) were prepared with pre-synthesized EAC] and EABr with
PbCl; and PbBr;. In a typical procedure for x = g, 0.652g (8

mmol) of EACI with 1.112g (4 mmol) PbCl; and 0.734g (2
mmol) PbBr; was mixed and ground for 5 min. The homoge-
nous mixture was anncaled in the vacuum oven at 80°C for 2
hours. Rest of the scries was synthesized using the same
method with stoichiometric ratio of the cation source and ani-
on source. Yield > 90%. The punty of the compounds was
checked by Powder X-ray Diffraction (PXRD).

High-resolution Powder X-ray diffraction (PXRD) and Single
Crystal X-ray Diffraction

High resolution synchrotron powder diffraction data
were collected using beamline 11-BM at the Advanced Photon
Source (APS), Argonne National Laboratory using an average
wavelength of 0.517040 A. Discrete 9 detectors covering an
angular range from 0 to 4° 26 arc scanned over a 26° 28 range,
with data points collected every 0.001° 20 and scan speed of
0.1°s. Le Bail analysis was performed with the Jana2006
package.”’

Full sphere data were collected after screening for a few
frames using cither a STOE IPDS 2 or IPDS 2T diffractometer
with graphite-monochromatized Mo Ka radiation (A= 0.71073
A) (50 kV/40 mA) under N,. The collected data was integrated
and applied with numerical absorption corrections using the
STOE X-AREA programs. Crystal structures were solved by
cl‘mrgc flipping and refined by full-matrix least squares on
F* with the Jana2006 package.”

Optical Absorption Spectroscopy

Optical diffuse reflectance mcasurements were per-
formed using a Shimadzu UV-3600 UV-VIS-NIR spectrome-
ter operating in the 200-1000 nm region using BaSO; as the
reference of 100% reflectance. The band gap of the material
was estimated by converting reflectance to absorption accord-
ing to the Kubeclka-Munk equation™: wS= (1-RV(2R)",
where R is the reflectance and a and S are the absorption and
scattering cocfficients, respectively.

Steady State and Time-resolved Photoluminescence.

Steady-statc  and time-resolved  photoluminescence
(TRPL) spectra were acquired using HORIBA Fluorolog-3
cquipped with a 450-W xcnon lamp and a TCSPC module
(diode laser excitation atA = 375 nm) and an integrating
sphere (Honba Quanta—9) for absolute photoluminescence
quantum yicld determination. The spectra were corrected for
the monochromator wavelength dependence and photomulti-
plier response functions provided by the manufacturer.

Electronic Structure Calculations.
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The calculations were performed within the Density
Functional Theory (DFT)*™ as implemented in SIESTA
package® with a basis set of finite-range of numerical atomic
orbitals. We used the van der Waals density functional with
C09 exchange (VDWC09)" to describe the exchange-
correlation term. This functional has proven to provide superi-
or description of expenimental lattice constants similar to those
obtained with optimized GGA based PBEsol functional in
solids.” Norm-conserving Troullier-Martins pscudopotentials
were used for each atomic species to account for the core elec-
trons.* 1s', 2512p2. 2s"2p’, 35°3p’, 4s24ps and Sd"’6s26p2 were
used as valence electrons for H, C, N, Cl, Br and Pb respec-
tively. Polarized Double-Zeta (DZP) basis sct with an cnergy
shift of 200 meV and a real space mesh grid encrgy cutoff of
200 Rydberg were used for the calculations. The Brillouin
zone was sampled with 2x2x6 and 4x4x1 Monckhorst-Pack
grids for the primitive cell and slab systems respectively. The
clectronic and dielectric propertics were calculated with the
experimental lattice parameters, and atomic coordinates were
transformed to their primitive cells whenever applicable. Since
the positions of H are not well resolved in these structures,
they were optimized using VDW-C09 functional within the
primitive cells while keeping the other atomic sites fixed.
Spin-orbit coupling was taken into account in the calculation
of the electronic band structures, although it was not consid-
ered in the high-frequency diclectric constant computations.
For spin-orbit coupling, the revised PBE (revPBE) functional”
was used. For the high-frequency diclectric constant profiles,
slabs based on the respective systems were constructed, and an
clectric field of 0.01 ¢V/A was applied along the [001] direc-
tion with the rclaxation of the sole clectron density as de-
scribed elsewhere.”™ '

RESULTS AND DISCUSSION
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Figure 1. Structure fragment of the three-layered (a)
EAPD,Cl,, and (b) EAPbBr,. (c) Crystal structure of
EAPb;Bry,, where the inner-layers compose of “undistorted”
octahedra and outer-layers compose of “distorted” octahedra.
(d) Hydrogen bonding network in EA,Pb;Br,,.

EAPb;X,; (X = Br, Cl) belongs to the homologous series of
layered perovskite phascs (B)A),Pb,X;,.; as defined above.
In these structures B is the spacer cation that scparates the
inorganic layers, and A occupies the perovskite cages. In this
case, EA acts as both the spacing A cation and the “perov-
skitizer” A’ cation,” forming the three-layered (n = 3) struc-
ture. The EA4Pb:Cly, is the only known three-layered halide
perovskite with a single kind of cation reported to date.” We
have investigated this system with other halides (Br and I) and

(a) MAPBCI, (b)

Figure 2. Pb-X (X = Cl or Br) bond lengths in (a) MAPbCI;
(b) MAPbBr, (¢} EAPb,Cl,, and (d) EA,Pb;Br,,. The organic
cations have been omitted for clarity.

found that Br can also stabilize the three-layered structure,
while I' cannot form the analogue with EA". Instead it forms a
one-dimensional gl D) perovskite featuring chains of face-
sharing octahedra.”® In 3D APbX, perovskites, MA", FA+ and
Cs+ are the only known cations that can fit in the framework.
Because of the larger size of EA” cation the n = 3 perovskite
layers are highly distorted to accommodate the extra -CH;-
group as scen in Figure la. Compared to the chloride struc-
ture, the bromide analogue has undistorted “inner-layer™ and
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Figure 3. Comparison of the distortion level of “outer-layer”
and “inner-layer” in EAPb;Cl); and EAPb;Br),. From (a) Ad
defined by equation (1) and (b) distortion angles defined in Fig-
ure 4.
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(a) In-plane tilt (b) Out-ot-plane

2% vt

Figure 4. Definition of (2) the in-plane tilt angle B and (b) the
out-of-plane tilt angle 4. B is the angle between the projected
Pbl-X and Pbl-Pb2 to the plane perpendicular to the stacking
axis. & is the angle between Pbl1’-X" and Pb1’-Pb2’. Note that
Pb2’ is the periodic image of Pbl’.

similarly very distorted “outer-layer” (Figure Ic). Since the
ionic radius”™ of Br(1.95 A) is larger than CI' (1.81 A),” it is
reasonable that it can better accommodate the EA™ cation in
the structure.

EA.Pb;Cly; crystallizes in the polar orthorhombic space
group A2yma ((= Cmc2,), while EA;Pb;Br, crystallizes in
the polar orthorhombic space group C2ch (= Aba2). Their
detailed crystallographic paramcters are given in Table S1.
Both compounds consist of three layers of comer-connected
[PbX,]*octahedra separated from one another with bilayers of
EA" cations as “spacers” as scen in Figure lc. Within the
three-layers, EA” cations which act as “perovskitizers™ filling
the voids of the perovskite cavities (Figure 1d). The three-
layer configuration requires a middle layer (the “inner-layer’™)
and two symmetry related exterior layers (the “outer-layer”™).
From the lead halide framework, we can see that the distortion
results in one short Pb-X bond and one long Pb-X bond from
the [Pb-X-Pb] unit. In the 3D structure MAPbCI, and MAP-
bBr: (Figure 2a and 2b), all Pb-X bonds have the same length
of 2.84 A and 2.97 A, respectively. For EA4Pb:Cl,, however,
short and long bond length combinations are seen in all direc-
tions. For example, in Figure 2c¢, the vertical Pb-Cl bonds of
the bottom-left octahedron have length of 3.28 A and 2.63 A,
which are respectively much longer and shorter than the Pb-Cl
bond length (2.84 A) in the 3D structure. The same “short-
long” combinations have been observed for the “inner-layer™
octahedra, as the honzontal Pb-Cl bond length of the middle-
left octahedron in Figure 2c¢ are 2.69 A and 3.00 A. For
EA.Pb;Bryq, the distortion of the [Pb-X-Pb] unit only happens
in the “outer-layer”, as the bond lengths (3.05 A and 3.03 A)
of the “inner-layer” are more equal and close to the 3D struc-
ture bond length (2.97 A). To quantify the degree of the distor-
tion, we define the octahedral distortion based on Pb-X bond
lengths,

aa= Q[ »

where d 1s the mean Pb-X bond distance and d, are the six
individual Pb-X bond distances (X = Br, Cl). In Figure 3, the
“outer-layer” octahedra (layers next to the organic spacers,
octahedra marked in purple in Figure 1c) of both EAPb,Cl,,

—
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Figure 5. (2) High resolution PXRD of the EA4Pb:Bry..Cl. (x =
0,2, 4, 6,8, 95, 10) solid solution (synchrotron wavelength =
0.51704) (b) and (c) Peaks shift from higher angles to lower
angles, suggesting increasing unit cell fromx = 10tox=0.
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Figure 6. (a) (b) and (c) Unit cell parameters of the
EAPb:Br,,Cli(x=0,2,4,6,8,9.5, 10) solid solution.

and EAsPb:Bry, have very high distortion level (Ad) of
45.09%10™ and 40.74x10", respectively. As for the “inner-

4
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layer” octahedra, EA,Pb;Cl;, still has a high distortion of
13.15%10™ and EAPb:Br,, has regular octahedra which are
relatively undistorted (Ad = 0.96x107). Structural distortions
arc further manifested in the octahedral tilting defined by two
tilt-angles [§ and & as illustrated in Figure 4. These angles are
linked to the evolution of the band gap with respect to the
structural deformation of the perovskite. For all the layers
except the f§ of the inner layers, § and & (reported in Figure 3b
and Table S2) arc larger for EA,Pb,Cl), as compared to
EA,Pb;Br,,, which is consistent with the more distorted Cl-
based structure.

The advantage of a single cation as both the A cage cation
and the spacer 1s that phase purity 1s much improved compar-
ing to other 2D systems as it does not form other neighboring
phases (e.g. n = 2, 4) because they are presumably less stable.
This allows for the EAPb;Br,,Cl, (x = 2, 4, 6, 8, 9.5) sohd
solutions to be readily synthesized as pure phases using solid-
state gnnding at ~80°C. High-resolution PXRD data of the
entire EAPb,Br, Cl, serics were collected using the beam-
line 11-BM at the APS (Figure 5). The lattice paramcters of
the solid solutions were extracted using Le Bail refinement
method. Interestingly, the a and ¢ axes are very similar to cach
other for both EA,Pb:Br,, and EA,Pb;Cl,,. However, the in-
termediate compositions have a relatively large difference

(a) |
2
s
3
§
25:055404’5 0 2 4 6 8
Energy (eV) Br, G,

Figure 7. (2) Optical absorption spectra of EAPb;Br, Cl, (x
=0,2,4,6,8 95, 10). (b) Band gaps of the solid solution has a
linear trend, which follows Vegard's law.

between a and ¢, for example EA,Pb;Br, sCl; < has the largest
difference (a = 7.7807(2) (A)) and ¢ = 8.7393(2) (A)), as scen
in Figure 6a. The long axis, b, which runs perpendicular to the
layers, decreases lincarly from EAPb.Br, (b = 46.4483(3) A)
to EA,Pb;Cl,, (b = 45.5452(6) A). The unit cell volume also
decreases from the Br end to the Cl end but not in a lincar
fashion as seen m Table 1 and Figure 6¢. The anomaly in the
cvolution of the a and c axes for the intermediate compositions
indicates that distortion occurs within the 2D inorganic layers
which results in the amplification of the differences between
the a and ¢ axes. The difference between a and ¢ axes gradual-
ly increases from x = 2 to x = 9.5, which suggest that the dis-
tortion increases when more Cl is incorporated in the struc-
ture.

The band gaps of the solid solution EA4Pb:Br.,Cl, (x =0, 2,
4, 6, 8, 9.5, 10) exhibit a linear trend, following Vegard's law
(Figure 7b). In this case the sharp absorption edge of the serics
is taken as the band gap, which ranges from 3.45 ¢V for
EAPH;Cly; to 2.75 ¢V for EA,Pb;Bry,, and 3.40, 3.24, 3.06,

TYVIRSI

Figure 8. DFT calculations of electronic band structures for
EA.Pb.Br,, and EAPb,Cl,,, using the revPBE functional with
SOC.

2.95, 2.88 ¢V respectively for the intermediates (Figure 6a).
EA,Pb;Br,, and EA,Pb:Cl,, have clear excitonic features near
the absorption cdge and at higher energy (3.04 ¢V and 3.96
cV) as seen in Figure 7a, which are charactenistic for 2D per-
ovskites, ¥’

The DFT calculations show that EA4Pb:Bry; and EAPb:Cly
are direct bandgap semiconductors, as expected for the halide
perovskites in general, although they exhibit a slightly indirect
character owing to the symmetry breaking (Rashba effect)
(Figure 8). For EA.Pb;Br,, the gap is slightly shifted away
from I A similar but smaller shift was also scen in
EAPb;Cly, along the I [010] direction in reciprocal space.
This shift away from a high-symmetry point of the Brillouin
zone is a signature of Rashba cffect in the polar structure of
EA,Pb,Bry, related to the giant spm-orbit coupling of the Pb
atom. The calculated band gaps are 1.5 ¢V and 2.0 ¢V, respec-
tively, when including SOC, showing a significant deviation
from the experimental band gaps (2.75¢V and 3.45¢V, respec-
tively. The calculated band gap of EAPb.Clyis ~ 0.5 eV
larger than that of EA,Pb;Br,,, which is comparable to the
experimental band gap difference between the two compounds
(~ 0.7 cV) but it also the diffcrence between the corresponding
3D perovskites MAPbC], and MAPbBr, *Unlike these 3D
crystal structures, the clectronic band structure in Figure 8
show flat dispersions between the I' and Y k-points. This is
indicative of little or vanishing clectronic coupling along this
direction, which coincides with the stacking axis.

(@) A,PbBr,
@ W N
0w »
6(') 5"

Figure 9. 2D color map of the electronic band gap variation
including spin-orbit coupling with respect to octahedral dis-
tortions defined in Figure 4 for model systems A;PbBr, and
A,PbCl, (A = Cs). Distortion angles of the inner and outer
octahedral layers for EA,Pb;Br,, and EAPb,Cl,, are pointed
to by the arrows in A,PbBry and A,PbCl, respectively.
ECBMI-2 and ECBM3-4 indicate the contour levels corres-
ponding to their values from the band structure of Figure 7.
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Figure 10. Steady-state PL of EAPb:Br,,Cl, (x=10, 2, 4, 6,
8,9.5, 10) (b = 315 nm).

The nature of the valence band maximum (VBM) and con-
duction band minimum (CBM) states can be captured by com-
puting corresponding wave functions ‘¥ (without SOC) or
local density of states (LDOS, with SOC). ¥ at I' (Figure S8
and Figure S9) for both compounds show an anti-bonding
hybridization between Pb 6s and p orbitals of the halides at the
VBM while the CBM is mainly of Pb 6p type.” Consistent
with the wave functions, the LDOS of VBM mostly localize
on the inner octahedral layer, while those of CBM localize on
the outer layers (Figure S10). For EAPb;Cl,, both ¥ and
LDOS are also partly present on the inner layer, indicative of a
weaker charge scparation across the layers. Hence, because of
the spatial scparation between VBM and CBM wave func-
tions, we cxpect a more stable EAPDHClie. The high-
frequency diclectric constants are deduced from the computed
dielectric profiles (Figure S12) and amount to 3.9 and 3.5 for
EA,Pb;Br,, and EA,Pb;Cl,,, respectively. Compared to the 3D
compounds MAPbBr; (£, = 5.2) and MAPBCI, (s, = 4.2),”

CL,,Br,

Tamd
+ e
—y

SRR 13+ 001 ns (89 %))
r;'ﬂﬂrﬂln!:"lﬂ',
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1 au.
iau
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the EA system shows smaller diclectric confinement.

Previous studies have demonstrated that structural defor-
mation has a significant cffect on the band gap of hybrid per-
ovskites which is directly linked to their optical properties."
" To rationalize the interplay between octahedral distortions
and band gap vanation in EAPb:Br, and EA,Pb;Cl);, we
built model systems of A;PbBr, and A,PbCl, (A = Cs), similar
to the A,Pbl, model (n= 1) proposed carlier.” Figure 9 shows
the 2D color map of the clectronic band gap variation with
respect to the  and & angles defined in Figure 4. The band gap
increases with increasing structural deformation in agreement
with previous works. ™ * Interestingly, for both EA,Pb,Br,
and EAPb:Cly, the band gap predicted when considering the
(j, 8) angles of the “outer-layers™ fit nicely to the calculated
band gaps on the real crystal structures shown Figure 8. This
1s consistent with the fact that band edge states (VBM and
CBM) in hybrid halide perovskites are mainly determined by
the inorganic framework, and are produced by the hybridiza-
tion of Pb and X atomic orbitals. Furthermore, the band gap
variation obtained using (f, ) of the inner and outer layers of
EA,Pb,Br, and EAPb,Cl, reveal a sizeable difference. The
variation in EA4Pb;Bry 1s half that of the EAsPb:Cly, with two
and three contour levels difference, respectively. This indi-
cates that the clectronic band gap fluctuations in EA4Pb,Cly,
which derive from the structural distortion are larger than in
EAPb;Bri,. As such, the spread in octahedral distortions is
predicted to strongly broaden the cmission spectra of
EA.PbgClm.

Such a broadening is indeed observed by PL measurements.
In fact, a broadband white-light cmission is observed for
EAPb;Clyg (peak centered at 500 nm, FWHM = 151 nm). The
PL of the whole EA.Pb;Br «..Cl, serics shows a different trend
than that obtained for absorption as scen in Figure 10. It starts
with. The intermediates x = 9.5 and 8 have even broader emis-
sion (FWHM = 228 nm and 187 nm), which could be due to
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Figure 11. Time-resolved PL decays and fitting of EAPb:Br, ,Cl, (x =0, 2, 4, 6, 8, 9.5, 10). The averaged PL decay lifetime

shows a decreasing trend from x = 10 to x = 0 (4, = 375 nm).
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Figure 12. (a) CIE color coordinates of EA,Pb;Br,, ClL, (x =0,
2, 4,6, 8 95, 10) in 1931 color space chromaticity diagram.
Detailed values are given in Table 1. (b) White-light emissions
from EAPbBr, Cl, (x = 2, 4, 6, 8 9.5, 10) and blue-light
emission from EA:Pb:Bry, (excited at 315nm). Corresponding
powered polycrystalline samples are shown on the bottom.

the large difference in a and ¢ axis caused by distortion along

the layers as discussed in the previous paragraph. The band-
width of the emission decreases from x = 9.5, becoming nar-
rower all the way to the Br end member, which has an emis-
sion peak at 465 nm (2.67 ¢V). The bandwidth of the PL emis-
sion is anticipated since EA4PbiCly has a much more distorted
structure than EAPb;Bry, and therefore it is expected to have
more STEs states and broader emission.” In Figure 11, time-
resolved PL reveals that the average lifetime of the series de-
creases from being the longest in the Cl end member ( 1, =
1.77 ns) to shortest in the Br end member (t,,, = 0.58 ns), fur-
ther confirming the correlation between structural distortion
and PL (bandwidth and lifetime). Both the bond length varia-
tion in the octahedron and the angular (j, §) distortion within
the inorganic framework contributed to the overall broadening
in the PL emission.

The light emission properties of the EAPb;Bry, Cl, (x = 0,
2,4, 6,8,9.5, 10) arc highly tunable, from cold white-light to
relatively warm white-light as seen in Figure 12. The Com-
mission International de I"Eclairage (CIE) color coordinates of
these compounds shift from close to the center to the blue
region in the 1931 color space chromaticity diagram in Figure
12a. Compared to EAPb;Cly (0.27, 0.39), EAPb:BrysClss
and EA:Pb,Br,Cls have CIE coordinates closer to the white
point (0.33, 0.33), which are (0.30, 0.35) and (0.30, 0.38),
respectively. The Color Rendering Indexes (CRI) are also
significantly improved from 66 (Cl,;) to 83 (Brg<Cls 5) as scen
in Table 1, giving much better quality of color rendering of the
cmission. Compared to our previous studied compound a-
(DMEN)PbBr, (CRI = 7 3, CIE coordmates (0.28, 0.36)), the
current system shows improved CRI with two compositions (x
= 8, 9.5). The Corrclated Color Temperatures (CCT) of the
scrics are all above 6000K, suggesting these materials are
emitting “cold” white-light.

CONCLUSIONS

The new series of 2D perovskites EAPD: X, (X = CL, Br), 1s
unique because it features a single A-cation acting both as a
spacer and a “perovskitizer” cation. The large size of the EA

Table 1. Lattice parameters (based on space group C2eb/A2,ma), Commission International de I'Eclairage (CIE) color coordinates (x,
y), Correlated Color Temperature (CCT), Color Rendering Index (CRI) and full-width at half-maximum (FWHM) of EA,Pb;Bry, ,Cl,

(x=0,2,4,6,8& 9.5, 10).

Compound ~ a (4} b () c(d Volume x ¥ CCT (K) CRI FWHM
(nm)

Clyy 8.0375(1) 45.5452(6) 8.1064(1) 2967.52(0) 0.27 0.39 7720 66 151
BresClos 7.7807(2) 45.5530(12) 8.7393(2) 3097.51{0) 0.30 0.35 7132 83 228
Br,Cl, 7.8876(5) 45.6569(25) 8.7684(4) 3157.70¢(5) 0.30 0.38 6564 75 187
Br,Cl, 7.8921(4) 45.8723(18) 8.7038(4) 3151.05(3) 0.22 0.26 52126 N/A 147
Br,Cl, 7.9267(2) 45.9958(15) 8.6952(3) 3170.25(0) 0.24 0.30 15405 75 153
Br,Cl; 8.0443(1) 46.1571(5) 8.6860(2) 3225.12(0) 0.21 0.24 950000 N/A 98

Bry 8.4297(1) 46.4483(3) 8.4432(1) 3305.90(0) 0.17 0.24 N/A N/A 61
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cation (2.74 A) relative to MA (2.17 A)” introduces a severe
structural distortion to the perovskite layers which becomes
more prominent for the smaller C1 anions. The structural dis-
tortions lead to a white-light emission which can be under-
stood in terms of an amplified STEs process. The highly dis-
torted Pb-X framework helps to gencrate more transient pho-
toexcited STEs states resulting from strong electron-phonon
coupling, while also prolongs the process which is demon-
strated in longer PL lifetime observed. The different distortion
levels in EAPb;Cly, (large distortion) vs EAPb;Br, (small
distortion) result in different PL emission bandwidth, where
EAPb;Cl,, has a broadband white-light cmission while
EA,Pb;Br), has a narrow bluc emission. The emission proper-
tics can be conveniently tuned in the EA Pb.Br,, .CL (x=0, 2,
4,6, 8, 9.5, 10) solid solution. The band gap of the series fol-
lows the Vegard's law, increasing lincarly from x = 0 to x =
10. Time-resolved PL measurements also show a gradual in-
crease of average lifetimes from the Br end to Cl end, showing
the dependency of emissive STEs states on the structure com-
position. From DFT simulation, it is shown that the optoclec-
tronic propertics of EA,Pb;Cl,, arc more sensitive to the struc-
tural disorder leading to a dispersion of the clectronic band
gap and to exciton localization, which correlates well with
longer average radiative lifetime. EAPbiBrysClys has the
highest CRI (CRI = 83) in the scries, providing better color
rendering than the pure Cl compound EA(Pb;Cly, (CRI = 66).
This series of hybnd materials arc promising candidates for
solid state lighting as they demonstrate high tunability and
have clear structure-PL relationships.
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