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Traditional white light-emitting diodes operate by exciting phosphors using
blue light-emitting diodes, leading to the absence of speci ¢ colour bands
compared with the visible light region of the sunlight spectrum (400-780 nm),
and excess blue light increases the risk of harmful effects on ecosystems and
organisms. Here, we precisely design and regulate heterophase y/3-CsPb(I/Cl)3
at the nanoscale for uniform heterophase distribution, balanced ow of
charges and tunable spectrum. Then, y/3-CsPb(1/Cl); directly excited by elec-
tricity shows full-spectrum white electroluminescence covering 400—780 nm
with standard Commission Internationale de I'Eclairage coordinates of (0.33,
0.33), a Colour Rendering Index of 95, a Correlated Colour Temperature of
5829 K and a Delta u,v of -3 x 10, accompanied with balanced white light
composition (Melanopic ratio =1.004). The match indices of such ve core
indicators to standard sunlight reach 100%, 95% (97% for Rg), 99.5%, 99.97%
and 99.6%, respectively, far ahead of as-fabricated commercial white light-
emitting diodes.

Semiconductor white LEDs (WLEDs) have penetrated every aspect
of people’s daily lives and are rapidly replacing traditional arti -
cial light sources (e.g., incandescent lamps) due to their long
lifespan and low energy consumption'™. The main fabrication
method of WLEDs is through coating phosphors on blue LEDs,
which makes the resulting WLED spectrum lack speci ¢ bands,
especially the cyan (commonly known as cyan gap) and red (ultra-
low value of Rg) bands®. Current WLEDs will, therefore, be limited

in colour-critical high-level applications®. Besides, the inevitable
high blue light component will lead to severe blue light pollution
that can result in sleep disorders, retinal damage and a profound
adverse effect on the habitat and reproduction of natural
creatures’™®. Thus, exploring novel mechanisms of white light
generation and balancing white light components to realise
sunlight-like full-spectrum white light is of tremendous
signi cance.
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Single broadband or multi- and discrete emission directly excited
by electricity would be a promising approach to generating sunlight-
like full-spectrum white light. Materials with self-trapped exciton (STE)
characteristics have shown great promise due to their broadband
emission capability from single-layer emitters'®—°, However, precisely
tuning the spectral component of the single broadband emission is
almost out of reach. For materials with multi- and discrete lumines-
cence centres, regulating the ow and distribution of charges between
different luminescence centres is still challenging’.

The quality of a white light source can be evaluated using ve core
indicators: Commission Internationale de I'Eclairage (CIE) coordinates,
Colour Rendering Index (CRI), Correlated Colour Temperature (CCT),
Delta u,v (Duv, distance from the Planckian locus) and Melanopic ratio.
An ideal and healthy arti cial white light source is supposed to meet
the following requirements: (i) CIE coordinates close to standard white
light (0.33, 0.33); (ii) a CRI close to 100, which evaluates the ability to
restore the colours of the object it illuminates accurately; (iii) a CCT
close to standard daylight of 5800 K'%; (iv) low value of Duv close to O,
which is a metric that quanti es the distance between the chromaticity
of a given light source and an ideal blackbody radiator curve (com-
mercial standard is between —0.02 and 0.02); (v) Melanopic ratio (M/P
ratio) close to standard sunlight of 1, which quanti es the effect of light
on circadian rhythm.

Here, we report a large-area WLED with sunlight-like full-spectrum
white electroluminescence (EL) originating from heterophase y/6-
CsPb(1/Cl)s. According to the theoretical calculation results, we pre-
cisely regulate y/3-CsPb(1/Cl); heterophase emitter at the nanoscale for
uniformising heterophase Ims, balancing ow and distribution of
charges and modulating white emission—further enabling uniform and
high-quality white emission. As-fabricated WLED device exhibits CIE
coordinates of (0.33, 0.33), a CRI of 95 (Rg = 97), a CCT 0of 5829 K, a Duv
of -3x10™* and an M/P ratio of 1.004, with an emitting area of 100
mm?. The match indices of the ve core indicators (CIE coordinates,
CRI, CCT, Duv and M/P ratio) to standard sunlight reach 100%, 95%
(97% for Rg), 99.5%, 99.97%, 99.6%, respectively. Such sunlight-like
white EL owes much to the mechanism of white light generation: In the
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heterophase y/3-CsPbl; Im, a fraction of the carriers recombine in y-
CsPbl; and emit deep-red emission. In contrast, other carriers diffuse
to the y/3-CsPbl; heterophase interface and release broadband emis-
sion. The alloyed y/3-CsPb(I/Cl); ensures uniform heterophase dis-
tribution and balanced carrier transport and distribution, enabling
tuneable full-spectrum white EL ranging from 400 to 780 nm. Bene-

ting from the low cost, simple structure, solution processing and area
light source characteristics, such WLEDs present enormous potential
in next-generation at panel lighting and display applications.

Results

Design criteria and theoretical calculation

An ideal full-spectrum white light is supposed to cover the entire
visible spectrum (Region I-Ill, 400-780 nm) continuously, showing no
speci c emission lack (Fig. 1a). Commercial WLED combines the blue
emission from the blue LED chip and orange or red emission from the
phosphor, suffering from cyan and deep-red gap. Thus, to design and
achieve ideal full-spectrum white light, two core criteria need to be
met: (i) such emitting material has multi- and discrete luminescence
centres (covering Region I-Ill simultaneously). (ii) the ow and dis-
tribution of charges between different luminescence centres should be
regulated to achieve a balanced white light spectrum.

The CsPbl; system has multiple polymorphs, including the opti-
cally active perovskite/black phases: a (cubic), B (tetragonal), and/or y
(orthorhombic), and non-perovskite/yellow phase (6-phase), as shown
in Fig. 1b. o/B-phase is a metastable phase, while y/d-phase is a meta-
stable phase. Black phases typically exhibit similar optoelectronic
properties (covering Region Il in Fig. 1a), and the series of structural
distortions mediate the phase transition between different black
phases. The phase stability increases in the order o, § and y*. The o-
phase spontaneously undergoes a phase transition to 3-phase, then to
y-phase, and nally to d-phase at room temperature (Supplementary
Fig. 1). 8-phase has STE characteristics originating from lattice twisting,
which enables broadband emission (covering Region | and Region Il in
Fig. 1a) and large Stokes shift"’. Thus, a heterophase Im consisting of
yellow and black phases could cover the entire visible spectrum
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Fig. 1| The design of full-spectrum white light. a Schematic spectrum of sunlight,
commercial WLED and ideal WLED. b Crystal structure and optical performance of
the different CsPbl; phases. ¢ Material design for full-spectrum white light. d The
total energy differences at O K (red) and the Helmholtz free energy differences at

Y/5-CsPbl, system

y/5-CsPb(I/CI) ; system CsPb(l;,Cl),

300 K (turquoise) between the y and & phases in the form of AE(T) =E(T) - E5(T), as
a function of the CI” concentration. e Schematic diagrams of the relative thermo-
dynamic stability between the y and & phases for pure CsPbl; and CsPb(l/Cl); sys-
tems, respectively.
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Fig. 2 | Scanning electron diffraction microscopy reveals heterophase films are
composed of mixtures of y- and d-phases. a Annular dark- eld images recon-

structed from SED data of heterophase Im. Scale bar, 100 nm. b Annular dark eld
image of a region of interest from a marked in red and electron diffraction pattern
corresponds to the relevant sequence numbers. Scale bar, 100 nm. ¢ Annular dark

[110],

y-CsPbl,

(snun “que) Aysueu

eld image of a region of interest from a marked in blue and electron diffraction
pattern corresponds to the relevant sequence numbers. Scale bar, 100 nm. All scale
bars in all experimental diffraction patterns shown are 0.6 A™. GIWAXS patterns of
(d) pristine a-CsPblz Im, () a-CsPb(l/Cl)z Im, (f) pristine y/3-CsPblz Im and (g)
y/3-CsPb(I/Cl); Im.

(Region I-Il) theoretically (Fig. 1c). Here, we fabricated heterophase

Ims comprised of mixtures of phases achieved by spin-coating o-
CsPbl; quantum dot (QD) solutions (Supplementary Fig. 2 and Sup-
plementary Fig. 3) and annealing the QD Im (Supplementary Fig. 4)%.
The resulting heterophase Im could exhibit a combination of deep-
red emission from the black phase and broadband emission from the
yellow phase, which will be detailed further below.

Next, we introduced CI” to form alloyed and thermodynamically
stable heterophase y/3-CsPb(I/Cl); for balanced ow and distribution
of charges between different luminescence centres. We investigated
the relative stability between the y- and 8-phase in the y/3-CsPb(l/Cl)3
system by rst-principles and thermodynamic calculations (Fig. 1d,
Supplementary Fig. 5 and Supplementary Fig. 6). The Helmholtz free
energy difference approached zero at 33% CI- component at room
temperature, indicating that the y-phases and &-phases could coexist
much more uniformly, as depicted in Fig. 1d and Supplementary
Fig. 5b—e. It turns out that alloyed CI~ brought down the phase-
transition temperature between the y and & phases (Supplementary
Fig. 5b—e) and facilitated the stabilisation of the y phase in thermo-
dynamics (Fig. 1d). Mixed halide engineering [CsPb(CI/Br); or
CsPb(Br/l)3] is a common strategy to tune the emission. However,
alloying CI” in CsPbl; could only regulate the tilting angles of the
lattice instead of dramatically changing the optical properties of
CsPbl; dramatically (Supplementary Fig. 6)*. In brief, the theoretical
analysis supports that up to 30% proportion of the CI” component
enables a more uniform heterophase distribution and feasible lattice
twisting, providing the possibility for achieving balanced carrier
distribution and tuneable full-spectrum white light (Fig. le), as
observed experimentally later.

Nanoscale heterophase structure and composition
To understand the phase composition and structure of the hetero-
phase Ims, we performed scanning electron diffraction (SED)

measurements to identify the speci c nature of octahedral tilting in a
given perovskite sample. The annular dark eld image of the SED scan
revealed a varied and heterogeneous phase composition and struc-
ture, as illustrated in Fig. 2a. The diffraction signals from the regions of
interest were summed to extract mean diffraction patterns. For the
region of interest marked using a red box in Fig. 2a, the resulting mean
diffraction pattern was presented in Supplementary Fig. 7. The
observed diffraction rings corresponded well to the diffracting planes
of the y-phase, Pnma perovskite. However, we also observed short
re ections at 0.10 A, as indicated by the yellow arrows in Supple-
mentary Fig. 7a. These very short vector lengths were inconsistent with
any of the black phases of CsPbls, where the shortest lengths expected
are 0.16 A™ (observed as the vector length of the  rst diffraction ring).
In contrast, a mean diffraction pattern extracted from the region of
interest marked using a blue box in Supplementary Fig. 7b (comprising
of smaller crystallites) showed no very short re ections. Instead, the
shortest diffraction ring corresponds to a length of 0.16 A™, which is
likely indicative of black-phase CsPbls.

In order to investigate the nature of the short re ections further,
we examined the two-dimensional electron diffraction signals from
both regions of interest. In the region of interest highlighted in red in
Fig. 2a, shown zoomed in in Fig. 2b, the diffraction intensity from most
grains can be indexed to an orientation of y-phase, Pnma perovskite.
There was a signi cant grain-like feature on the right-hand side of the
scan where diffraction taken from two smaller regions of interest (No.3
and No.4) can both be indexed to &-phase CsPbls. However, this starkly
contrasted with the region of interest marked in blue, where no evi-
dence of 6-phase grains was found. Instead, only y-phase was observed,
as shown in the electron diffraction patterns in Fig. 2c.

The co-existence of y-phase (expected to emit at ~700 nm) and &-
phase (expected to emit 400-600 nm) CsPbl; explained the broad-
band white emission observed in heterophase Im. Generally, emission
is expected from the lowest bandgap regions in a mixed-band-gap
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semiconductor (as is the case here). This would suggest that the
emission should originate primarily from the lower bandgap y-phase.
However, the combined optoelectronic and nanoscale structural evi-
dence indicated that the &-phase can still emit a substantial fraction of
broadband blue emission. The much larger sizes of the d-phase grains
(see Supplementary Fig. 8), compared to the y-phase, suggested that
any charges generated in the wider band gap 6-phase may not be able
to diffuse far enough to emit in lower bandgap regions. The two dis-
tinct structural phases and their respective emissions combine to
provide the desired broadband white light emission.

We used X-ray diffraction (XRD) and Synchrotron grazing inci-
dence wide-angle X-ray scattering (GIWAXS) to resolve further the
evolution of the structure of the materials in a-CsPbl; QD Ims and
heterophase Ims (Fig. 2d—g and Supplementary Fig. 9). Asseen in XRD
patterns presented in Supplementary Fig. 10, the main diffraction
peaks of pristine o-CsPbl; QD Ims were located at 14.1°, 20.0° and
28.6°, corresponding to the characteristic diffraction peaks of the a-
CsPbl; structure®. After alloying CI-, the diffraction peaks slightly
shifted towards larger angles, signifying structural contraction. After
annealing, the Bragg peak (100) orientation of the perovskite Im
transferred from the face-on orientation to isotropic orientations
(Fig. 2d-g). This con rmed that the annealing process could cause
phase transitions and orientation modi cations at the same time. XRD
results of heterophase Ims presented the characteristic diffraction
peaks of both y-CsPbl; (14.1°, 20.2° and 28.5°) and &-CsPbl; (13.5°, 23°
and 27°)*%. Thus, thermal annealing transformed the a-phase into the
y/d-phase Im.

Optical characteristics and carrier dynamics

There are many challenges to realise large-area WLED based on the
heterophase Im. On the one hand, defects and pinholes will increase
dramatically after the emitting area is greatly expanded (>100 mm?)
from more typical lab-based device active areas (<4 mm?), signi cantly
increasing carrier shunting paths and non-radiative recombination
centres within a given active area®. On the other hand, microscopic
spatial inhomogeneities of the heterophase distribution could result in
unbalanced carrier distribution and non-uniform heterophase
emission?’. Hence, it is essential to homogenise the large-area Imand
decrease spatial variations of carrier shunting paths to achieve a large-
area WLED with uniform emission.

We calculated that the alloying CI” substantially helped make the
heterophase Ims more spatially uniform and regulate the white
emission. First, alloying CI” could help develop a high-quality and
uniform large-area heterophase Im. As presented in Supplementary
Fig. 11, the atomic force microscopy (AFM) images of y/6-CsPbl; Ims
showed uniform, dense morphology and a smoother surface. The root-
mean-square roughness values of the y/6-CsPbl; and y/6-CsPb(l/Cl)3

Im were 9.09 and 7.98 nm, respectively. We then investigated the
nanoscale structural landscape and optical microhomogeneity of
heterophase Ims. For macroscale morphology, the pristine hetero-
phase Im showed heterogeneous appearances and properties in dif-
ferent regions, while the target heterophase Im had good uniformity
(Supplementary Fig. 12). We employed hyperspectral wide- eld
microscopy to spatially map the heterophase Im's photo-
luminescence (PL) uniformity on a microscale (Fig. 3a—c). Before
annealing, the pristine a-CsPbl; and o-CsPb(I/Cl); Ims showed uni-
form deep-red emission (680—-700 nm), while the alloyed a-CsPb(1/Cl);

Im presented a blue shift and a narrower peak spectral distribution
(Fig. 3aand Supplementary Fig. 13). After annealing, the y/6-CsPbl; and
y/3-CsPb(l/Cl); heterophase Im exhibited the co-existence of deep-
red emission (680—700 nm) and broadband emission (400-600 nm),
originating from the black and yellow phases, respectively (Fig. 3b, c).
Furthermore, a deeper red band was detected in the heterophase Im
compared with a-CsPbl; QD Ims, consistent with the phase transition
from a-CsPbl; to y-CsPbls. Moreover, for the pristine heterophase Im,

y-phase and &-phase tended to be concentrated in speci c regions. By
contrast, the y/3-CsPb(I/Cl); heterophase Im presented much more
uniform phase distributions (Fig. 3b, c). We spied hyperspectral wide-
eld microscopy to analyse the carriers’ lifetime and behaviour
(Fig. 3d—f and Supplementary Fig. 14). PL lifetime was determined
when the PL decayed to e™ of its maximum intensity, and the average
lifetime of all pixels was captured to plot carrier lifetime maps®. Car-
rier lifetime maps also indicated a more uniform phase distribution in
y/3-CsPb(l/Cl); heterophase Im. y-phase and &-phase had become
closely intertwined, which greatly increased the area of the hetero-
phase interface, further resulting in the balanced carrier distribution
and the excellent electrical properties of the Im we present below.

Second, alloying CI” could nely regulate the emission of het-
erophase Im, which enables a near-perfect white emission with a low
blue light component. We investigated temperature-dependent PL
spectroscopy to study the emission energetics of the heterophase

Ims. The pristine and alloyed a-CsPbl; QDs Im always showed single
deep-red emission when the temperature changed from 77 K to 300 K
(Fig. 3g). For the heterophase Im, broadband emission and deep-red
emission were both detected under 77 K, originating from &-CsPbl;
and y-CsPbls, respectively. As the temperature rose, dual-emission in &-
phase was observed (Fig. 3h, i), which are named E;; (380 nm—480 nm)
and Eg, (480 nm—660 nm), respectively.

We employed ultrafast transient absorption (TA) spectroscopy to
gain further insights into the electronic and structural evolution in a-
phase and heterophase Ims (Supplementary Fig. 15). Figure 3j, k
presented the early time TA spectra (O to 2 ps average) of the pristine
and annealed a-phase QDs thin Ims under 400 nm (3.10 eV) pump
with a uence of 76.4 p)cm™, corresponding to an initial carrier den-
sity of N=8.1x10®cm™, In the pristine sample, two distinct ground-
state bleach (GSB) features were observed at 665nm and 445nm.
Since these two bleaches can also be observed under a 560 nm pump,
we attributed them to the transition at the optical bandgap and the
intrinsic high-energy band of a-phase QDs, labelled as 0;,°%® and a,°%.
With increasing annealing time, the band-edge bleach (0,%®) red-
shifted, and the intensity decreased, whereas two additional GSBs
peaking at 495nm and 425nm were observed under the 400 nm
pump. This is expected as the annealing leads to the formation of
mixed y- and d-phases. Therefore, we attributed the additional positive
features in the annealed samples to the GSBs of &-phases, labelled as
5,°% and ,°%. This is consistent with the absence of the 5,°*® and 5,°%
signals under the 560nm pump, as the low-photon-energy pump is not
able to depopulate the ground states of the energy levels for either
5,°% or 8,° bleach. Unlike band-to-band luminescence in a-phase or y-
phase, d-phase revealed strong characteristics of STEs, with charges
migrating to multiple excited states from the ground state (Fig. 3I). The
excited states rst transferred to the self-trapped state through ultra-
fast excited-state structural reorganisation, releasing lattice distortion
and broadband emission (Es,). Then the carriers transferred to the
exciton level (Es;) with energy compensation, and nally fell back to
the ground state (Supplementary Fig. 16). Furthermore, temperature-
dependent PL results also indicated that higher temperatures could
promote the transfer of carriers between heterophases (Fig. 3h, i).
Moreover, changing CI” proportions (0—30%) could adjust the relative
intensity between Eg; and Ej,, as shown in Fig. 3h, i and Supplementary
Fig. 17, meaning carrier distribution and the white light component
could be nely regulated, which is consistent with theoretical calcu-
lation results.

It is important to note that the luminescence intensity of &-
phase was greatly enhanced in the heterophase Im, even com-
parable to that of y-phase (Fig. 3h, i). Given the poor transport
characteristic of d-phase, we assumed that y-phase could act as a
transmission channel of charges. In the heterophase Im, a frac-
tion of the photogenerated carriers recombined in y-phase,
leading to deep-red emission. Meanwhile, the other fraction of
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