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Fig.4|Characterization of retina E-paper display performance. a, Optical
properties of CMY metapixels. Left: thereflectance spectraof the selected
CMY metapixels demonstrate the spectral response. Right: photographs of the
RGB pixels with optimized adjacent subpixel spacing forimproved hybrid
colour and display fidelity. b, Anaglyph 3D demonstration onretina E-paper.
Left:the anaglyphstereobutterfly (Anaglyph 3D) originalimage (Ol) decomposed
intomagenta (M) and cyan-yellow (CY) channels (top), and the corresponding
reconstructed retina E-paperimages (RI) for each eye (bottom). Scale bars,

200 um. Middle: microscope images of individual M and CY channel pixels,
illustrating submicrometre pattern fidelity. Scale bars, 2 pm. Right: full-colour
anaglyphbutterflyimage: anaglyph 3D butterfly original image (top) and
simulated retina E-paper reconstruction (bottom) demonstrating high-resolution

illustrates two distinct optical architectures that accommodate this
requirement: one compatible with conventional virtual reality headsets,
andtheother tailored to state-of-the-art, waveguide-based augmented
reality-virtual reality lenses®. In fact, retina E-paper also holds significant
potential foraugmented reality applications, asit canleverage ambient
light astheillumination source. Thisinherent compatibility with the envi-
ronment enables natural visual integration, reducing reliance on light
engines. Furthermore, asthe primary illuminationis provided by ambient
light, itslow power consumption enables substantial downsizing of the
battery and even opens up the possibility of fully self-powered displays
when combined with solar cells (with a typical output of -15 mW cm™).

Despite its advantages, retina E-paper requires further optimiza-
tion in colour gamut, refresh rate, operational stability and lifetime.
Lowering the operating voltage and exploring alternative electrolytes
represent promising engineering routes to extend device durability
and reduce energy consumption. Moreover, its ultra-high resolu-
tion also necessitates the development of ultra-high-resolution TFT
arrays for independent pixel control, which will enable fully address-
able, large-areadisplays andis therefore a critical direction for future
researchand technological development. Looking ahead, we anticipate
significantadvancementsin this field and firmly believe that the evolu-
tion of the retina E-paper will ultimately influence everyone.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Right eye Anaglyph 3D

3Ddepthrendering.Scalebars, 200 pm. Original butterfly image licensed
from Adobe. ¢, High-resolution display of The Kiss onretina E-paper versus
iPhone15. Photographs comparing the display of TheKissonaniPhone15and
retina E-paper. The surface areaof the retina E-paper is-1/4,000 times smaller
thantheiPhone15.SEM and microscopeimages confirmthat the displayed
colours aregenerated by precisely arranged CMY subpixels. Scale bars,2 pm
(top and bottom left) 200 pm (right). Image of The Kissreproduced with
permission fromKingston Frameworks. d, Electrochemical display of The Kiss
by retinaE-paper. Photographs showing the display of The Kissonretina
E-paperinthe on (left) and off (right) states, demonstrating reversible colour
modulationwhen electrochemically tuned.
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Methods

Nanofabrication of WO, nanodisks

We fabricated WO, nanodisk metamaterials (Extended DataFig.1)ina
cleanroomusing standard semiconductor processes. A100 nm reflec-
tivelayer (Al/Pt)and a30 nm Aulayer were deposited via electronbeam
evaporation (Lesker PVD 225). The middle 100 nm WO, layer was depos-
ited using radio frequency magnetron sputtering. After spin-coating
theelectronbeamresist (MaN 2401, 3,000 r.p.m.), nanostructures were
patterned by electron beam lithography (400 pC cm™). The resist was
developedin MF-24A for 45 s, followed by ion beam milling using Ar gas
(80 mA,200 V) for2 mintoetchthe Aulayer.Reactiveion etching with
CF, gas (100 W) for 5 min was then used to etch the WO, layer. Finally,
the Aulayer was removed by wet etching. Samples were characterized
using a Zeiss Supra 55 SEM for high-resolution imaging.

Electrochemical measurements

Acetonitrile was purchased from Sigma-Aldrich, and LiCIO, was pur-
chased from Fisher Scientific. The electrolyte contains 1M LiClO, in
acetonitrile. A custom-builtliquid cell with two electrode connections
was used for electrochemical measurements. A potentiostat (Gamry
Interface 1000) controlled the applied current and voltage. For the
fast-switching measurements, a short 40 ms voltage pulse ranging
from -4V to 4V was applied. Low constant voltages from-1Vto1V
were applied for 2 min to obtain the reference optical contrast of WO;.

Optical measurements

A custom microspectroscopy set-up with Thorlabs beam splitters
was used to measure microscale reflectivity in the electrochemical
cell. lllumination froma100 W tungsten lamp and light collection was
conducted through a 5x air objective (NA 0.14), passing through the
top flow cell with a glass cover into the WO, metapixels. A portion of
thereflected light was collected by an optical fibre and analysed using
aB&WTek CypherX spectrometer. Most photographs were captured
using acommercial microscope (Olympus MX50). AniPhone15and a
Samsung A55 were used to capture the photographinFig. 4c (left) and
Supplementary Video 1, respectively.

Arbitrarily selected combinations of RGB pixels

Extended Data Fig. 2 presents an example in which the intermediate
regions of RGB pixels contain only cyan and yellow, but not magenta.
Specifically, a yellow pixel (D =300 nm, W =200 nm) is observed,
between the red (D =320 nm, W=220 nm) and green (D =260 nm,
W =200 nm) pixels. Similarly, a cyan pixel (D =280 nm, W =140 nm)
appears between the green and blue (D =280 nm, W =120 nm) pixels;
however, the magenta pixel (D =260 nm, W=100 nm) is absent from
the intermediate region between the red and blue pixels.

By adjusting subpixel spacing, a yellow pixel emerges when the
red-green subpixel distance is 240 nm, whereas a cyan pixel forms at
ablue-greensubpixel distance of 120 nm; however, regardless of how
thered-blue subpixel distanceis tuned, magenta cannot be generated,
contrasting with the results shown in Fig. 2c.

Refractive index of WO, in on-off states

The refractive index of WO, is obtained from a previously published
study?. Extended Data Fig. 3 presents both the real (n) and imaginary
(k) components of the refractive index in both the on and off states. In
the on state, the real part (n) decreases from 2.4 to 2.1, enabling strong
Mie scatteringin the air. Theimaginary part (k), which represents optical
absorption, remains close to zero, explaining why WO, nanodisks exhibit
vivid coloursintheair; however,inaliquid environment such as acetoni-
trile (n=1.33), therefractiveindexis closer to that of WO;, reducing Mie
scattering and making the nanodisks more transparent, thus diminishing
colour vibrancy, as discussed in the main text. Electrochemical tuning
in solution allows WO, nanodisks to switch to the off state, in which the

k-value significantly increases to 0.05-0.4 in the visible range, leading to
strong optical absorption and changing the colour pixelsinto dark states.

Optical contrast of red pixel

To compare with the normalized optical contrast shown in Fig. 3c,
Extended Data Fig. 4 presents the absolute reflectance variation of
red light at a wavelength of 620 nm in response to the applied 40 ms
pulse voltage signal (Fig. 3d, left). The red subpixel achieves an opti-
cal contrast of more than 48% within 40 ms, and its maximum optical
contrast under long-time constant voltage is 50%. This result further
confirms WO, metapixels supporting video display.

Colour memory effect

Owing to the bistability of WO,, the retina E-paper exhibits a colour
memory effect. In the absence of external energy input, WO, gradu-
ally relaxes from its redox states back to the natural state, rather than
revertinginstantly fromacoloured state to a dark state as seen in emis-
sive displays. As shownin Extended DataFig. 5, once apixel is switched
to the coloured mode, its normalized reflectance remains above 90%
foraround150 s under open-circuit conditions. Similarly, when a pixel
is switched to the dark mode, it retains a normalized reflectance less
than 10% for about 9 s without further energy input. This behaviour
enables ultra-low power consumption, as static or minimally changing
pixels do not require continuous power. Instead, an approximately 2 ms
electronic pulseinput (for around 10% optical contrast modulation) is
sufficient to maintain the display state.

CMY pixelsinthe air

Asdiscussedinthe maintext, to achieve RGB colours through subtrac-
tive colour mixing using CMY primaries, itis crucial to ensure that the
intermediate regions between CMY pixels contain RGB pixels. As shown
in Extended Data Fig. 6, a blue pixel (D =260 nm, W =120 nm) exists
betweenthe cyan (D =260 nm, W =160 nm)and magenta (D =240 nm,
W =100 nm) pixels. Similarly, a green pixel (D =260 nm, W=180 nm)
is present between the magenta and yellow (D =180 nm, W=180 nm)
pixels, while ared pixel (D =200 nm, W =180 nm) appears between the
yellow and cyan pixels. By tuning the spacing between subpixels, ablue
pixelemerges whenthe CM subpixel distanceis 100 nm, greenatan MY
subpixel distance of 60 nm, and red ata CY subpixel distance of 60 nm.

Transfer colour image to nanodisk pixels

Extended DataFig. 7 illustrates the process of converting the intensity
(scaled from 0 to 255) of each CMY pixelinto the geometry structure of
nanodisk pixels. The intensity of each CMY channel is mapped to the
height of its corresponding CMY rectangle as a fraction of the maximum
value, representing the percentage of light each CMY subpixel should
reflect. The designated nanodisk arrays, which generate CMY colours,
arethenusedtofill theserectangles, approximating the subpixel colour
composition. However, due to the small size of the CMY rectangles, the
nanodisks cannot achieve perfect spatial coverage, leading to inac-
curacies in colour reproduction. This limitation contributes to the
imperfections observed in Fig. 4b-d.

CMY pixelsin theelectrolyte

The underlying principle remains consistent with CMY pixels in the
air. Asillustrated in Extended Data Fig. 8, the intermediate regions of
CMY colours contain corresponding RGB components. The subpixel
distances are T, =40 nm for blue, 7, =300 nm for red and 7; =60 nm
for green. Owing to weaker Mie scatteringin the electrolyte, the extinc-
tion of red colour becomes weaker, causing aless intense blue colour.

CMY colour modulation and comparison of colour performance
with other devices

Extended Data Fig. 9a (left) illustrates the nanodisk diameters and
periodicities for the CMY metapixels alongside their corresponding



reflection spectra, which show similar reflectance asRGB pixels. The cor-
responding geometries are C (D=280nm, W=20nm),M (D =220nm,
W=80nm)andY (D=300nm, W=80nm), and the merged RGB sub-
pixel spacing was adjusted accordingly: B (7; =40 nm), R (7, =300 nm)
and G (T;=60 nm).

Extended Data Fig. 9b presents a comparison of the colour
gamut coverage among commercial emissive displays, the retina
E-paper (under both air and electrolyte conditions), and a com-
mercial colour electrophoretic display. Although the colour gamut
of the retina E-paper does not yet match that of emissive tech-
nologies, it significantly outperforms existing commercial colour
e-paper, highlighting its potential for high-fidelity reflective colour
displays.

Front-illumination integration of retina E-paper into immersive
augmented reality-virtual reality optics

Two potential system-level configurations areillustrated in Extended
Data Fig. 10, demonstrating how reflective pixels can be effectively
illuminated in practical augmented reality-virtual reality devices.

Extended DataFig.10aillustrates an optical configuration compat-
ible with conventional virtual reality headsets. In this design, incident
light enters fromthe side andisredirected by abeam splitter through
an eyepiece onto the retina E-paper. The reflected light follows the
reverse path, passing back through the eyepiece and beam splitter
before reaching the eye. This optical arrangement resembles that of a
reflective microscopy system and aligns with well-established princi-
plesin optical engineering.

Extended Data Fig. 10b depicts an advanced optical architecture
compatible with waveguide-based augmented reality-virtual reality
systems. In this configuration, light is side-coupled into the device
and directed onto the retina E-paper through a beam splitter. The
reflected light is then collimated and coupled into the waveguide
through input gratings and ultimately delivered to the eye through
output gratings. This design enables integration into compact
form factors, significantly shortens the eye-to-display distance,
and supports a wider field of view—key requirements for achiev-
ing immersive and lightweight augmented reality-virtual reality
experiences.

Video-rate switching red pixel

Supplementary Video 1 visually demonstrates the rapid modulation
speed of WO, metapixels by showing the reflectivity change of a red
pixel under pulse signals with durations of 1s, 500 ms, 250 ms and
40 ms. Thedistinct bright and dark states are clearly visible with evident
dwelltimes, highlighting the full contrast range and switching stability
ofthe device. Althoughthe video was recorded by a cell phone at 50 fps,
the cameraof the microscope systemwas used to record the light spot
atonly 18 fps. As aresult, despite the reaction speed exceeding the
required for video play (24 fps), intensity variations remain observable.

Data availability

The datasupporting the findings of this study are available in the paper
and its Supplementary Information. Source data are provided with
this paper.
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Extended DataFig.1|Nanofabrication of WO3 nanodisks. Thereflective structured resist templates. The patterns are then transferred onto the WO,

layer (Al/Pt), Aulayer were deposited by e-beam evaporation and the WO, layer layer using ion beam milling (IBM) and reactive ion etching (RIE). Finally, the Au
was deposited by RF magnetronsputtering. After spin-coatingane-beamresist,  maskis removed by wet etching. An SEMimage of ablue WO, nanodisk pixel is
nanopatterns are defined through e-beam lithography and developed to form presented asanexample.Scalebar:400 nm.
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Extended DataFig.2|Arbitrarily selected combinations of RGB pixels.
Theintermediate regions of RGB pixels contain only cyan and yellow, with no
magenta. By optimizing subpixel spacing (T), ayellow pixel appears when the
red-greensubpixel distance is 240 nm, while a cyan pixel emerges atablue-
greensubpixel distance of 120 nm. However, regardless of the red-blue subpixel
distance, magenta cannot be produced, highlighting afundamental limitation
incolour.



Article

a
2.4
3 0.4 !
1~ n(real) off off k (imag)
23 1
] 0.3 on
2.2 l
1 0.2
2.1 ]
20 0.1
1-9-|-|-|-|-|l O-O'I'I'I'I'I'
400 500 600 700 400 500 600 800

Wavelength (nm)

Wavelength (nm)
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Extended DataFig. 4 |Optical contrast of red pixel. By applying ashort pulse
voltage signal, the reflectance change >0.48is achieved within40 ms. The
maximum reflectance change under long-time constant voltageis ~0.5.




Article

1.0 1.0
0.8 4 153 s ! 0.8 4
(0] 1 (0]
2 : 2
3] n ' 5]
2 0.4 | 204
O ' Q
14 . 14
0.2+ ; 024 91s
0.0 rrrrrrrrrrrrrrer 0.0
0 40 80 120 160 0 4 8 12 16 20
Time (s) Time (s)

Extended DataFig. 5| Colour memory effect. When the WO, pixels are turned
on, they canretain over 90% of reflectance for -150 s without any additional
power input. Conversely, after being turned off, the pixels maintain <10%
reflectance for-~9s,also withoutan external energy supply.
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Extended DataFig. 7| Transfer colourimage to nanodisc pixels. Theintensity
ofeach CMY channelis converted into the height of its corresponding CMY
rectangle asafraction of the maximum value, indicating the proportion of light
each CMY subpixel should reflect. The designated nanodisc arrays responsible
for generating CMY colours are thenarranged within these rectangles,
approximating the intended subpixel colour composition.
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Extended DataFig.9|CMY colour modulation and comparison of colour
performance with other devices. a, Electrochemical modulation of

CMY meta pixels: Left: The Reflectance spectra of CMY metapixelsin the
electrochemically modulated on/offstates demonstrate dynamic tuneability.
Right: Photographs of RGB hybrid coloursinanelectrolyte environment with
optimized adjacent CMY subpixel spacing. b, Comparison of colour gamut
coverage: CIE chromaticity diagram comparing the colour coverage of an
emissive display (SRGB), acommercial electrophoretic display (e-reader),

and the Retina E-paperinboth air and electrolyte environments. The results
highlight the colour performance of the Retina E-paper relative to conventional
display technologies.
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Extended DataFig.10|Front-illumination integration of Retina E paper configuration: Side-coupledilluminationis reflected by abeam splitter onto
intoimmersive AR/VRoptics. a, Conventional VR headset configuration: the Retina E-paper, then collimated and directed through a meta-lens optics
Side-illuminationis directed by abeam splitter through an eyepiece, focusing module. After couplinginto aninputgrating, the light undergoesinternal
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the path through the eyepiece and beam splitterinto the eye. b, Meta-lens AR





