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Abstract
A novel concept of the heterophase optics-electronics synergistic effect has been demonstrated in a single-layer α/δ-
heterophase perovskite CsPbI3 in order to realize white LEDs featuring only one broadband emissive layer.

Light sources have been under steady development all
the way throughout the human existence, from ancient
times to the modern technology, and sources of lighting
experienced changes from fire to electricity. Since the
dawn of the first semiconductor light-emitting diodes
(LEDs), these devices showed many advantages over tra-
ditional incandescent or fluorescent lighting, such as high
luminous efficiency, energy saving, and color quality1.
Traditional approach to realize white LEDs (WLEDs) relies
on the down-conversion of light emitted by a combination
of red (R) and green (G) phosphors excited by blue (B)
light, or on electrical excitation of RGB emitters arranged
into LED arrays2,3. However, the use of the rare-earth
elements in down-conversion devices faces issues of high
cost and scarcity, and the most common blue-emitting
component of such LEDs (GaN) is fabricated through
rather expensive epitaxial growth techniques. Thus,
exploring new technologies for lighting which may lead to
more cost-efficient WLEDs is highly desired.
Halide perovskites have recently attracted a lot of atten-

tion as promising monochromatic bright emitters able to
offer high-quality light in LEDs4. External quantum effi-
ciencies (EQE) of perovskite-based green and red
LEDs already exceeded 20%5,6. Despite a great progress on
monochromatic perovskite LEDs, development of per-
ovskite WLEDs has been rather slow, so far, and mostly
relied on the doping with other elements7,8. High rate of

anion diffusion in mixed-halide perovskite materials, com-
bined with non-balanced degradation under working con-
ditions severely hinder the use of the LED arrays due to the
rapid change of emission color9. Moreover, efficiencies and
stabilities of blue perovskite LEDs still lag behind their red
and green counterparts10, so that more efforts are needed
for their development. Very recently, Chen and co-workers
used an advanced device structure that could efficiently
suppress the trapped optical modes11. It comprised a layer
of red-emitting perovskite nanocrystals acting as a down-
converter, coated on a blue perovskite LED with an ultra-
thin transparent top electrode. An efficient extraction of the
trapped waveguide mode and surface plasmon polariton
mode in the blue LED was realized, leading to over 50%
improvement in a light-extraction efficiency, and also effi-
cient blue-to-red light conversion, resulting in a com-
plementary white light emission with a high EQE of 12%.
In another approach, Zeng’s group at Nanjing Uni-

versity of Science and Technology (NJUST) in colla-
boration with D. Ginger at the University of Washington
proposed a new concept of WLEDs relying on a single
emissive layer of CsPbI3 perovskite which combined α and
δ-phases (Fig. 1a)12. EQE and current efficiency of these
WLEDs which were conveniently fabricated by all-
solution processing and featured only one broadband
perovskite emitting layer reached 6.5% and 12,200 cd/m2,
respectively. Importantly, by adjusting the annealing
processes of α-CsPbI3, the ratio of the two phases could
be controlled to tailor the color temperature of white
emission (Fig. 1b).
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The major idea of operation of these WLEDs relied on
a synergistic effect between α/δ-CsPbI3 phases (Fig. 1c):
charge carrier injection occurred in the α-CsPbI3 phase,
which was followed by charge transfer from α- to
δ-phases, and white light emission by δ-CsPbI3. The
interfacial states which are energetically closer to the
valence band (VB) level of α-CsPbI3 assisted hole
transfer from α-CsPbI3 to δ-CsPbI3, while the conduc-
tion band (CB) alignment between α-CsPbI3 and δ-
CsPbI3 phases allowed for an optimum electron injec-
tion and an efficient radiative recombination. The
authors have termed this mechanism “heterophase
optics-electronics synergistic effect”.
The strategy used in ref. 12 relying on a single emitting

perovskite layer to achieve white emission can greatly
decrease the cost of production of WLEDs, and further

push the development of next-generation flexible displays
and lighting. This approach, as well as the one suggested
in ref. 11 may also have important implications not only
for LEDs but for perovskite optoelectronics in general,
such as for solar cells and displays.

References
1. Cho, J. et al. White light‐emitting diodes: history, progress, and future. Laser

Photonics Rev. 11, 1600147 (2017).
2. Ma, Z. Z. et al. High color-rendering index and stable white light-emitting

diodes by assembling two broadband emissive self-trapped excitons. Adv.
Mater. 33, 2001367 (2021).

3. Liu, S. N. et al. A controllable and reversible phase transformation between all-
inorganic perovskites for white light emitting diodes. J. Mater. Chem. C 8,
8374–8379 (2020).

400 450 500 550 600 650 700 750

N
o

rm
al

iz
at

io
n

 E
L

 (
a.

u
.)

Wavelength (nm)

ITO

PEDOT:PSS

LiF:Al

TFB

TPBi

Perovskite

�-CsPbI3

�-CsPbI3

�-CsPbI3

�-CsPbI3

a

b c

CB
Charge transfer

CB

VB

VB

STE

Fig. 1 WLEDs relying on a single emissive layer of a heterophase cesium lead halide perovskite. a Scheme of the WLED structure relying on a
synergistic effect of α- and δ-CsPbI3 perovskite heterophases. b Broad electroluminescence spectrum of the WLED; photograph in the inset shows its
uniform white emission. c Charge transfer and recombination mechanism operative in the α/δ-CsPbI3 heterophase WLED (STE stays for “self-trapped
exciton”)
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LEDs already exceeded 20%5,6. Despite a great progress on
monochromatic perovskite LEDs, development of per-
ovskite WLEDs has been rather slow, so far, and mostly
relied on the doping with other elements7,8. High rate of

anion diffusion in mixed-halide perovskite materials, com-
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proposed a new concept of WLEDs relying on a single
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WLEDs which were conveniently fabricated by all-
solution processing and featured only one broadband
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The major idea of operation of these WLEDs relied on
a synergistic effect between α/δ-CsPbI3 phases (Fig. 1c):
charge carrier injection occurred in the α-CsPbI3 phase,
which was followed by charge transfer from α- to
δ-phases, and white light emission by δ-CsPbI3. The
interfacial states which are energetically closer to the
valence band (VB) level of α-CsPbI3 assisted hole
transfer from α-CsPbI3 to δ-CsPbI3, while the conduc-
tion band (CB) alignment between α-CsPbI3 and δ-
CsPbI3 phases allowed for an optimum electron injec-
tion and an efficient radiative recombination. The
authors have termed this mechanism “heterophase
optics-electronics synergistic effect”.
The strategy used in ref. 12 relying on a single emitting

perovskite layer to achieve white emission can greatly
decrease the cost of production of WLEDs, and further

push the development of next-generation flexible displays
and lighting. This approach, as well as the one suggested
in ref. 11 may also have important implications not only
for LEDs but for perovskite optoelectronics in general,
such as for solar cells and displays.
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Fig. 1 WLEDs relying on a single emissive layer of a heterophase cesium lead halide perovskite. a Scheme of the WLED structure relying on a
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Bright, high-repetition-rate water window soft
X-ray source enabled by nonlinear pulse
self-compression in an antiresonant hollow-core
fibre
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Abstract
Bright, coherent soft X-ray radiation is essential to a variety of applications in fundamental research and life sciences.
To date, a high photon flux in this spectral region can only be delivered by synchrotrons, free-electron lasers or high-
order harmonic generation sources, which are driven by kHz-class repetition rate lasers with very high peak powers.
Here, we establish a novel route toward powerful and easy-to-use SXR sources by presenting a compact experiment
in which nonlinear pulse self-compression to the few-cycle regime is combined with phase-matched high-order
harmonic generation in a single, helium-filled antiresonant hollow-core fibre. This enables the first 100 kHz-class
repetition rate, table-top soft X-ray source that delivers an application-relevant flux of 2.8 × 106 photon s−1 eV−1

around 300 eV. The fibre integration of temporal pulse self-compression (leading to the formation of the necessary
strong-field waveforms) and pressure-controlled phase matching will allow compact, high-repetition-rate laser
technology, including commercially available systems, to drive simple and cost-effective, coherent high-flux soft
X-ray sources.

Laser-driven soft X-ray (SXR) sources based on high-
order harmonic generation (HHG)1 are known for their
table-top dimensions, excellent spatial coherence and
ultrashort pulse durations2, which make them attractive
tools for advanced spectroscopy3,4. Additionally, they are
expected to enable area-wide evolution of lens-less ima-
ging in the water window5, and they hold great promise
for the production of isolated attosecond pulses shorter
than the atomic unit of time6,7.
In the past decade, water window HHG has mostly been

achieved with the help of optical parametric amplifiers
operating at a wavelength of approximately 2 μm4,8–11.

This driving wavelength is identified as a “sweet spot” for
pushing the phase-matched harmonic energy (~λ1.4–1.7)12

beyond the carbon K-edge, while the single-atom
response (~λ−(5–6))13 is still reasonable and can partially
be compensated for by high phase matching pressures14.
To date, the reported generated photon flux around
300 eV is as high as 1 × 109 photons s−1 eV−1 at a 1 kHz
repetition rate based on HHG in a gas-filled capillary4. To
achieve high flux levels, the typical experimental condi-
tions require >40 GW peak power (Supplement), which
implies the generation and handling of multi-mJ energy4,9,
or few-cycle pulses11,15. These experimental constraints
alter the fundamentally desired user-friendly and
straightforward nature of laser-based SXR sources and are
responsible for the fact that subsequent work on appli-
cations is often closely related to source development4,11.
Additionally, techniques such as coincidence detection16
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