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Rewritable color nanoprints in antimony trisulfide films

Hailong Liu', Weiling Dong', Hao Wang’, Li Lu’, Qifeng Ruan', You Sin Tan’,

Robert E. Simpson'#, Joel K. W. Yang'?*

Materials that exhibit large and rapid switching of their optical properties in the visible spectrum hold the key to
color-changing devices. Antimony trisulfide (Sb,S3) is a chalcogenide material that exhibits large refractive index
changes of ~1 between crystalline and amorphous states. However, little is known about its ability to endure
multiple switching cycles, its capacity for recording high-resolution patterns, nor the optical properties of the
crystallized state. Unexpectedly, we show that crystalline Sb,S; films that are just 20 nm thick can produce sub-
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stantial birefringent phase retardation. We also report a high-speed rewritable patterning approach at subdiffraction
resolutions (>40,000 dpi) using 780-nm femtosecond laser pulses. Partial reamorphization is demonstrated and
then used to write and erase multiple microscale color images with a wide range of colors over a ~120-nm band in
the visible spectrum. These solid-state, rapid-switching, and ultrahigh-resolution color-changing devices could

find applications in nonvolatile ultrathin displays.

INTRODUCTION

Structural colors are unique alternatives to pigments and dyes be-
cause a gamut of color can be generated in a wide range of materials
by tuning the nanostructure geometry. Structural colors are used to
produce two-dimensional (2D) and 3D prints at ultrahigh resolu-
tions (I1-3) by tailoring photonic resonances using advanced nano-
fabrication techniques. Examples of materials used in structural colors
include metals supporting plasmonic resonances (4, 5), dielectrics in
nanoantennas (6) and photonic crystals (7), and magnetic nanopar-
ticles (8). Of particular interest are subwavelength thin films of op-
tically lossy materials on metals whose colors are sensitive to the
thickness and optical properties of these films alone (9, 10). Chalco-
genide phase-change materials (PCMs) (11-14) can achieve revers-
ible color switching in these systems using an ultrathin form factor.
With reversible subnanosecond structural phase transitions caus-
ing large changes in their optical constants, PCMs offer fast and stable
color changes between amorphous and crystalline states. Moreover,
the switching can be repeated billions of times without damaging the
materials (15-17). However, most PCMs, including the widely used
Ge,Sb,Tes (GST), exhibit only small refractive index changes and
correspondingly small spectral shift of ~35 nm in the visible spectrum
when switched between states (12-14). In contrast, wide-bandgap
PCMs, such as antimony trisulfide (Sb,Ss), provide larger refractive
index changes in the visible spectrum (18) and are, therefore, desir-
able for color-changing devices.

Recent efforts to achieve structural color switching (19) have re-
lied broadly on refractive index tuning via liquid crystals (20) or
electrowetting solvents (21); mechanical actuation via applied ex-
ternal magnetic fields (22) or stretching (23); and redox reactions
in materials via hydrogenation of metals (24, 25), electrochromic
polymers (26), and individual molecules (27). While electrical ap-
proaches to switch colors are arguably the most practical for display
applications (25), laser writing could induce faster switching and/or
be used in situations where electronic control is impossible. Although
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laser writing has been effective in inducing physical morphological
changes in nanostructures to produce color change (1, 28-30), these
processes are irreversible and do not allow for repeated switching
of colors. Recently, we introduced antimony trisulfide (Sb,S;) as
a wide-bandgap PCM for active visible photonics (18). When the
phase of Sb,S; is switched, rapid color changes arise from changes in
its optical constants. It thus remains interesting to systematically in-
vestigate (i) the feasibility of repeated switching, (ii) the gamut and
degree of color change as a function of laser power and PCM thick-
ness, and (iii) the smallest pixel size that still exhibits the color switch-
ing, which determines the information density and print resolution.

Here, we report a super-high-resolution rewritable color print-
ing method based on reamorphizing Sb,S; with 100-fs duration and
780-nm wavelength laser pulses that are focused to diffraction-limited
spots in a nanoscale 3D printer by Nanoscribe GmbH. We explain
the subdiffraction measurements with a thermo-optical model. We
report the presence of birefringence patterns in crystalline Sb,S; films
that were not previously observed and measured the constituent op-
tical constants. We modified the original Sb,S; absorber design (18)
by removing the top Al film, which would otherwise experience laser-
induced damage, thus allowing optical power to be delivered directly
to the Sb,S; layer. The result is a color-changing device that can be
repeatedly switched.

We used Sb,S; as thin as 10 nm on an Al/Si substrate, with 5-nm
Si3Ny diffusion barrier layers sandwiching Sb,S;. We observed in-
termediate partially crystalline states that were realized by tuning
the energy of the femtosecond laser pulses. Using the large 120-nm
shift in the reflectance spectra for these states, multicolor microscale
images were printed over the same area of the Sb,S; film. Although
the Abbe diffraction limit for the laser writing process was deter-

A 780
mined to be 780 nm (m = 2(02‘)"), we successfully patterned color

dots and lines with periodicities down to 600 nm, demonstrating
superresolution laser writing. With new measured data of the opti-
cal constants, photothermic effects were calculated to rationalize this
subdiffraction printing resolution. These color-changing devices and
materials characterization are the first steps toward the next gener-
ation of displays or inkless erasable papers and could enable camou-
flaging surfaces, signaling, and compact systems to manipulate the
spectral properties of light.
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RESULTS

Amorphous, crystalline, and intermediate states of Sb,S3
Figure 1A shows a schematic of our rewritable color device that con-
sists of thin films of Si3N4 (5 nm)/PCM (t nm Sb,S;)/SizNy (5 nm)/
Al (100 nm) on a Si substrate. The two layers of Si3Ny serve as protec-
tion layers and diffusion barriers for the sandwiched chalcogenide
PCM (see fig. S1). In contrast to our previous report (18), the Al top
coating was removed to allow the laser direct access to the PCM
(Sb,S3) layer. Optical attenuation within the device layers is due to
the nontrivial interface reflective phase shifts that lead to resonant
absorption (9). Accordingly, the proposed rewritable device exhib-
its resonances, observable as dips (valleys) in the reflectance spectra,
and these produce different colors in the reflected light. The resonant
wavelengths are dependent on the optical constants and the thickness
(¢) of the sandwiched PCM. On account of the large refractive index
differences between amorphous (A-PCM) and crystalline (C-PCM)
states of Sb,Ss, distinct reversible color changes can be achieved by
switching the phase between the A-PCM and C-PCM states.

In contrast to transition metal oxide PCMs, e.g., vanadium dioxide
VO,, which require a constant input of energy to maintain a struc-
tural state (31), the A-PCM and C-PCM states of Sb,S; are stable at
room temperature. In general, crystallization is achieved by elevating
the temperature of the material substantially above its glass transi-
tion temperature long enough to induce crystal formation. Heating
is typically achieved using optical or electrical pulses that are tens of
nanoseconds in duration or by heating the entire sample up. Con-
versely, the crystalline-to-amorphous transition (reamorphization)
is induced using high-intensity pulses with short duration to ran-
domize the atomic arrangement, followed by rapid cooling to pre-
vent recrystallizing the material.

In this work, we used 780-nm wavelength femtosecond laser
pulses to reamorphize Sb,S;, as schematically shown in Fig. 1. By
precisely controlling the position and intensity/power of these pulses,
we printed a microscale color image at ~40,000-dpi (dots per inch)
resolution in the form of Vincent van Gogh’s self-portrait, an opti-
cal micrograph of which is shown in Fig. 1B. The printed image can
be erased by switching the amorphized regions back to the crystal-
line state. In principle, one can erase selected areas of the prints using

A

long and low-intensity pulses

Thermal annealing

asecond laser pulse that is longer in duration. However, in our demon-
strations, we heated the entire sample on a hot plate to induce crys-
tallization, which erases all the image pixels in parallel and “resets”
the sample. Therefore, we could repeatedly write and erase multiple
images onto the same region of the device to realize a substrate that
enables multiple color prints to be displayed and erased.

To demonstrate color switchability with phase transitions, we
start with a 20-nm-thick layer of Sb,S; on 100 nm of Al, as shown
in Fig. 2A. The bright-field optical micrographs of the device in the
amorphous and crystalline states are shown in Fig. 2A (i and ii, re-
spectively). The device in its amorphous state (i) was imaged as-
deposited, and the crystalline sample (ii) was imaged after baking
the sample on a hot plate at 300°C for 2 min. The color of the device
changes from yellow/orange (amorphous) to purple/blue (crystal-
line). The blue and purple colors of the crystalline film are attributed
to the birefringence of the crystal grains, as discussed in detail later.

Figure 2B shows the measured reflectance spectra of the sample
for both states (Fig. 24, i and ii). The reflectance dip red-shifted by
~120 nm accompanied by an increased full width at half maximum
(FWHM) as Sb,S; switched from amorphous to crystalline. The in-
creased FWHM is due to averaging of the two different crystalline
colors (purple and blue), and the red shift is caused by the increased
refractive index accompanying the amorphous-to-crystalline phase
transition (see Fig. 3). The resonance shift (~120 nm) induced by phase
transition is much larger than that of the reported GST structures
(~35 nm) in the visible region (12, 13). Therefore, our device with
Sb,S; has a more pronounced color change compared to that of GST.

Evidence of the amorphous-to-crystalline phase transition in Sb,S;
can be seen in the Raman spectra in Fig. 2C. The spectrum of the
amorphous sample exhibits two broad bands at ~290 and ~100 cm ™.
These bands correspond to the vibrational Sb—Sb bonds in the
S2Sb-SbS; structural units and SbS; pyramids, respectively (32, 33).
For the annealed sample shown in Fig. 2A (ii), the band at 290 cm™!
is split into two sub-bands, and the band at ~100 cm ™ is further split
into many small peaks, consistent with the reported Raman features
in crystalline Sb,S; films. These Raman spectra in Fig. 2C confirm that
the observed color change in Fig. 2A (i and ii) is driven by the Sb,S;
amorphous-to-crystalline phase transition.

Femtosecond laser pulses

Fig. 1. Rewritable thin-film device. Schematic of the proposed rewritable device consisting of antimony trisulfide PCM switched between (A) crystalline (C-PCM) and
(B) amorphous (A-PCM) states. The thin film consists of SizN4 (5 nm)/Sb,S3 (t nm)/SizN4 (5 nm)/Al (100 nm). The reflected colors of the sample are determined by the
thickness (t) and the state of the PCM. With t =20 nm here, the crystalline sample (purple) is amorphized using femtosecond laser pulses (high-intensity pulses with short
duration) using a Nanoscribe GmbH two-photon lithography (TPL) system, while the amorphous sample (yellow) is crystallized using a thermal annealing process (effec-
tively similar to providing low-intensity pulses with long duration). Optical micrograph of Vincent van Gogh'’s self-portrait demonstrating that intermediate states (neither
yellow nor purple) can be written on the device by varying exposure power of femtosecond laser pulses and erased via thermal annealing.10 um
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Fig. 2. Phase transitions of Sb,Ss. (A) Optical micrographs of the device with 20-nm-thick
Sb,S3 in amorphous (i) and crystalline (ii) states. (iii) The crystalline sample can be
reamorphized to varying degrees to its original orange color in square areas ex-
posed with increasing excitation power of femtosecond laser pulses from 6.0 to
12.0 mW. (iv) The reamorphized color patches were switched back to the crystal-
line state after the thermal annealing process. Reflectance (B and D) and Raman
(C and E) spectra of the amorphous sample, the crystalline sample, and the reamor-
phized color patches. (F) Cyclability measurement for the device with 20-nm-thick Sb,Ss.
(G) Reflectance resonant wavelength (valley) as a function of switching cycles. a.u.,
arbitrary units.

To investigate the switchable and color-tunable properties, we
reamorphized the crystalline device in Fig. 2A (ii) using femtosecond
laser pulses in the Photonic Professional GT nanoscale 3D printing
system by Nanoscribe GmbH. The parameters of our femtosecond
laser pulses are as follows: 780-nm wavelength, 80-MHz repetition
rate, and 100-fs pulse width (more details in Materials and Methods).
The laser beam was raster-scanned over the sample to form 10-um
square color patches. The scan speed was 20 um/s, and the line step
was 400 nm to ensure overlap between the written lines. Figure 2A
(iii) shows square patches that were reamorphized under differ-
ent laser excitation powers. With increasing laser power from 6.0 to
12.0 mW, the blue/purple colors of the crystalline sample increas-
ingly reverted to its orange (amorphous) color. In addition to purely
crystalline and amorphous colors, red-purple, red, and red-orange
intermediate colors were observed in the transition.
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To characterize the states of these color patches, we measured
their reflectance and Raman spectra, as shown in Fig. 2 (D and E).
The reflectance spectra of the amorphous and crystalline samples
are also plotted in Fig. 2D for reference (dashed lines). Notably, the
reflectance dips are blue-shifted in a continuous manner as the av-
erage laser power was increased from 6.0 to 12.0 mW. Figure 2E
shows the Raman spectra of the color patches in Fig. 2A (iii). The
Raman features for 6.0 and 8.0 mW are closer to that of the crystal-
line state, while the characteristics of the Raman spectrum under
10.0 mW match those of the amorphous state. The Raman spectrum
of the color patch at 12.0 mW indicates that Sb,S; had completely
switched to its amorphous state. Therefore, the thermally crystal-
lized Sb,S; patches were partially reamorphized by the laser power
set between 6.0 and 10.0 mW, and it is totally reamorphized at a
laser power of 12.0 mW. On the basis of the reflectance and Raman
spectra, the color patches of 6.0 to 10.0 mW are intermediate states,
i.e., part crystalline and part amorphous. The colors of these patches
are linear combinations of the crystalline/amorphous components.
Laser powers higher than 20.0 mW caused material ablation and
damage (see fig. S2).

A final test of rewritability was performed to carefully determine
whether these orange color patches were actually amorphous states
of Sb,S; or damaged states. By thermally annealing the sample shown
in Fig. 2A (iii) at 300°C for 2 min on a hot plate, we found that the
colors could be switched back to that of the crystalline state. This
reversal is clearly seen in the optical micrograph of the annealed
sample in Fig. 2A (iv), which shows that the partially and completely
reamorphized color patches fade to match the color of the surrounding
crystalline state. The orientation and sizes of the crystalline domains
were preserved during the rewriting process, pointing to further in-
vestigation beyond the scope of this communication.

The write-erase cyclability of the color change is important for
technological applications. Our tests show that the material can be
crystalized and amorphized repeatedly. The reflectance spectra in the
amorphous and crystalline states are shown in Fig. 2F, while Fig. 2G
shows the resonant wavelength positions as a function of cycling times.
Notably, the resonance position and reflectance intensity of the de-
vice do not show any deterioration after 10 cycles, despite a spread in
the resonance positions, which we ascribe to variations in the exposure
conditions between runs, the anisotropic property/birefringence of
Sb,S; crystals, the small variation of the crystalline thickness for each
crystallization process, and variations in the measurement positions.
To the best of our knowledge, this is the first report on reversible
color switching that realizes intermediate states for Sb,S; and reveals
birefringence within Sb,S; crystal domains. Further endurance tests
beyond 10 could be conducted in a setup that writes and rewrites
without unmounting the sample, e.g., using electrical probing or
multiple laser sources, but is beyond the scope of the current work.

The optical constants were measured and subsequently used to
simulate the reflectance and color of the rewritable devices. We mea-
sured the refractive index of the 20-nm-thick Sb,S; film within the
layer structure shown in Fig. 2A using a micro-ellipsometer by
Accurion GmbH equipped with Mueller matrix (see Materials and
Methods for details). Figure 3 (A and B) shows the measured real (1)
and imaginary (k) components of the refractive index for Sb,S; in
the amorphous and crystalline states. These optical constants were
measured in the wavelength range of 400 to 900 nm. As the Sb,S;
crystalline grain sizes appear to be quite large and considering their
orthorhombic crystal structure, in-plane anisotropy [see Fig. 2A
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Fig. 3. Measured refractive indices of Sb,Ss. (A and B) Measured refractive indices n and extinction coefficients k of 20-nm-thick Sb,Ss in the four-layer sample in amorphous,
crystalline, and reamorphized states. Crystalline states 1 and 2 correspond to the birefringent orientations of the crystal grains seen as purple and blue, respectively, in
Fig. 2A. Scale bar, 10 um. (C to E) Optical micrographs of the anisotropic Sb,Ss crystals under unpolarized and mutually perpendicular polarizations. The crystals at areas
(i) and (i) appear blue under PO and shift to purple color under P90. The opposite is true for areas (i) and (iv). The two bright particles are used as the markers for posi-

tioning. Scale bars, 5 um.

(ii)] is expected. Therefore, we measured the n and k dispersions for
both in-plane anisotropies, as shown by the corresponding blue and
purple lines in Fig. 3 (A and B). The crystalline optical constants for
orientations of the crystal were higher than those measured for the
amorphous state. Specifically, the refractive index of the extraordi-
nary crystalline state (blue line) increased by a maximum of 1.0 across
the entire visible range, which is larger than that of most widely
studied typical PCMs, e.g., GST (see fig. S3) (11, 13), Sb,Tes (34), and
AgsIngSbeTe;; (AIST) (12). We also compared the measured opti-
cal constants of the completely reamorphized square area with the
as-deposited amorphous Sb,S; film. Notably, the optical constants of
the reamorphized Sb,S; are close to that of the as-deposited amor-
phous film, as shown by the short dashed lines in Fig. 3 (A and B).
To verify that the color change in Fig. 2A (ii) is due to the refractive
index change afforded by phase transition (instead of thickness vari-
ation), we simulated the reflectance spectra and their correspond-
ing colors of the sample in Fig. 2A (i and ii). The results shown in
fig. S4 are in good agreement with the experimental data, indicating
that the refractive index change induced by phase transition had led
to the color changes in the device.

Notably, the birefringence of Sb,S; crystals contributes to the
colors of the crystalline film. We investigate the colors of the aniso-
tropic crystals under mutually perpendicular polarizations, as shown
in Fig. 3 (C to E). Each crystal displays interchangeable colors under
mutually perpendicular polarizations, i.e., either blue or purple.
These birefringent Sb,S; crystals could be used to control light in
polarization-dependent photonic waveguide devices. Moreover, we
simulated the angle dependence of the reflected color using the mea-
sured refractive indices, as shown in fig. S5. The reflectance spectra
are insensitive to the angles of incidence between 0° and 50°. As the
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angle was increased to 70°, the resonance noticeably blue-shifts, and the
reflected color lightens because of the increase in Fresnel reflectance.
This viewing angle insensitivity is typical for ultrathin and weakly
absorbing films on metallic reflectors.

In addition to phase transitions, the thickness of the Sb,S; film
also influences the color of the rewritable device. We investigated
the color dependence on the thickness of Sb,S; films in both amor-
phous and crystalline states, as shown in Fig. 4. Figure 4A shows the
measured colors of the rewritable device with varying Sb,S; thick-
ness from 10 to 70 nm. A range of amorphous-state colors including
yellow, orange, brown, cyan, and pink were observed. After thermal
annealing at 300°C for 2 min, the corresponding crystalline state of
the samples appears inhomogeneous (because of birefringence) and
exhibits a change in color.

To quantify the distributions of these amorphous and crystalline
colors, we plotted them on the CIE (International Commission on
Mumination) chromaticity diagram, as shown in Fig. 4D. The color
difference between amorphous and crystalline states is substantial.
Moreover, both the amorphous and crystalline devices occupy a
substantial gamut within the sRGB (standard Red Green and Blue)
color space. Reflectance spectra were measured to underpin this color
difference, as shown in Fig. 4C. Notably, the first cavity mode spans
from 400 to 750 nm with increasing thickness of Sb,S3 from 10 to
50 nm. The resonance dips of the structure can also be explained
using the multilayer thin-film model (see fig. S6). Increasing Sb,S;
thickness beyond ~50 nm shifts the first-order resonance into the
near-infrared region and the second cavity mode into the visible region.
The FWHM of second-order mode is narrower than that of the
first-order mode, and therefore, the amorphous colors with thick-
ness larger than 50 nm are more saturated. Matching simulations
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Fig. 4. Color palettes of the rewritable devices in amorphous and crystalline
states for different thicknesses of Sb,Ss. (A and B) Amorphous (left) and crystal-
line (right) color palettes with Sb,S; thickness varying from 10 to 70 nm. Scale bars,
100 um. (C) Reflectance spectra from representative color patches. Solid lines rep-
resent the amorphous state, and short dashed lines represent the crystalline state.
With increasing thickness of Sb,Ss, the fundamental (first resonance dip, as indicated)
red-shifts out into the infrared and the second harmonic resonance appears within
the visible spectrum. (D) Color coordinates from measured spectra plotted on the
CIE 1931 chromaticity diagram of the devices with the thickness of the Sb,Ss film
varying from 10 to 70 nm.

of these results are shown in fig. S7. The discrepancy between the
simulated and experimental crystalline colors arises from the aver-
aging of the refractive indices of crystalline states 1 and 2 (Crystal-
linel and Crystalline2 in Fig. 3A). Overall, the simulations are in
good agreement with the experimental results. We can thus realize
a wider gamut of colors by varying both the thickness and crystal-
line/amorphous states of Sb,Ss.

To compare the achievable range of colors of Sb,S; with the pro-
totypical PCMs, i.e., GST, GeTe (34, 35), and AIST (12), we substi-
tuted the optical constants of Sb,S; with those of other PCMs and
calculated their color coordinates, as shown in fig. S8. Notably, the
device incorporating Sb,S; exhibits the widest color gamut by a no-
table margin. The large refractive index change (maximum An > 1)
and the relatively small absorption effect (k) in the visible region are
responsible for the wider color gamut of Sb,S;. In contrast, the large
absorption effects (extinction coefficient, k) of GST, GeTe, and AIST
limit their color range (specifically in the crystalline state), render-
ing them less suitable for photonic devices in the visible spectrum.

Superresolution printing

To investigate the feasibility of subdiffraction resolution printing,
we performed laser exposure tests in pulse (discrete dots) and “con-
tinuous” (lines) modes. The pulse mode involved exposing an array
of dots on the PCM device one point at a time, while the lines are
continuously deflected by the laser beam in continuous mode. For
both cases, the exposure time for each dot was 0.02 ms (correspond-
ing to ~1600 pulses).
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Figure 5 (A and B) shows the test results under pulse mode on
the four-layer sample with 20- and 15-nm crystalline Sb,S3, respec-
tively, in which we have written a series of dot arrays for a range of
periodicities (d) ranging from 1.4 to 0.6 um. To show the ability to
resolve the dots, we selected four neighboring dots along the x axis
from the samples with d = 0.6, 0.7, 1.0, and 1.4 um in Fig. 5B and mea-
sured their color intensities, as shown in Fig. 5D. We can see from the
color intensity that each pair of neighboring dots can be resolved
with FWHM of the dots measuring ~560 nm. Notably, the center-
to-center distance of the dots was smaller than the theoretical re-
solving power of our laser [d = A/2NA = 780/(2 x 0.5) = 780 nm]
focused by a 20x objective with numerical aperture (NA) = 0.5. In
addition, the device with a thinner layer of Sb,S; (Fig. 5B) achieved
a slightly higher resolution than the thicker layer (Fig. 5A), as less
energy was needed to induce the phase transition (10.0 mW for
15 nm and 12.0 mW for 20 nm). Some dots in the arrays with smaller
pitches, e.g., p = 0.8 pm in the 20-nm film, exhibit a larger positional
variation than those in the device with 15-nm-thick Sb,S;. A possible
reason could be related to the crystal size of Sb,S;. Large sizes of
crystals in the 20-nm film lead to larger edges or boundaries among
neighboring crystals, resulting in more distorted dots.

To test the resolution of continuous lines, we patterned lines with
varying pitch in the 15-nm-thick Sb,S; film, as shown in Fig. 5C.
The grating lines patterned at a pitch of 0.6 pm can still be resolved.
Overall, subdiffraction resolution was achieved in both pulse and
continuous modes.

We calculated the internal heat distributions of the device by
using a two-temperature model (36) to explore the underlying physics
that enables subdiffraction printing resolution, as shown in Fig. 5
(E and F). The simulation details are provided in the Supplementary
Materials. Although a two-photon lithography (TPL) system was
used for the patterning, calculations show that single-photon ab-
sorption at 780 nm in Sb,S; was sufficient to account for the heating.
Figure 5 (E and F) shows in-plane and cross-sectional views of the
temperature distribution in the center of Sb,Ss. It is clear that the
heat is contained within the Sb,S; layer, and the lattice temperature
in the center is higher than the melting temperature (37), which is
required for melt-quench reamorphization (550°C). The diameter
of the heated area with a temperature greater than that of the reamor-
phized spot is ~600 nm. Therefore, the crystalline device can be
switched back to the amorphous state with a subdiffraction resolution,
in agreement with experimental results. The subdiffraction-limited
patterning is thus achievable because of the nonlinear thermal response
of the material, i.e., near the threshold temperature for melting. This
effect is consistent with other subwavelength laser writing effects in
PCMs. Notably, two-photon absorption processes are orders of mag-
nitude weaker than single-photon linear absorption, and our calcula-
tions show that single-photon absorption accounts for the necessary
temperature rise for reamorphization.

From a design consideration, having a 3-nm-thick top layer of Al
will increase the overall color brightness and gamut (18) but, unfor-
tunately, will not work well with the 780-nm femtosecond laser, which
was used in this work for amorphization. In the presence of the Al
film, field localization and heating occur within the first two layers
(i.e., top Al and SizNy, as shown in fig. S9B) instead of the Sb,S; layer,
as shown in Fig. 5F (reproduced in fig. SOA). The laser pulses thus
easily damage the Al films. As shown in fig. S9, only a small part of
Sb,S; is heated above its melting point, while the temperature of the
top Allayer almost reaches the melting point of bulk Al. As a result,
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Fig. 5. Superresolution printing via laser switching of PCM. (A) Optical micro-
graph of resolution test dot arrays in 20-nm-thick Sb,S3 in pulse mode. Identical patterns
written in 15-nm-thick Sb,S; in pulse mode (B) and grating lines in continuous mode
(C). Pitch (center-to-center distance) of neighboring dots and gratings are marked
as p and d, respectively. (D) Measured average color intensities of four neighboring
dots in the x direction with d=0.6, 0.7, 1.0, and 1.4 um in (A) (intensities normal-
ized). Calculated temperature distribution within the xy plane of Sb,S; layer (E) and
cross section (F) of the device.

the top Al layer will be easily damaged with only a small part of
Sb,S; switching back to its amorphous state. We used the same set-
up to reamorphize the structures with a top Al film, as shown in fig.
S9 (Cto F). A small increase of the laser energy beyond a level that
is close to full switching will damage the structure. Therefore, the
presented structure (without a top Al film) is more appropriate for
rewriteable optical devices.

Rewritable color prints

Having shown that the states of Sb,S; can be repeatedly switched be-
tween crystalline, amorphous, and intermediate states, we now use
this effect and the corresponding color change to realize rewritable
color printing. The principle process of rewritable chalcogenide color
printing is as follows: First, a crystalline four-layer (SizN4/Sb,Ss/
Si3Ny/Al) device with a fixed thickness of Sb,S3 is selected as the
sample to be written. Second, a color image or print is written onto
the sample by switching each crystalline pixel to amorphous or an
intermediate state according to the designed pixel colors. Colors were
adjusted by varying the laser power for each pixel. Third, the writ-
ten image or print is erased by switching the amorphous or inter-
mediate states back to the crystalline state by thermal annealing on
a hot plate. By repeating steps 2 and 3, new images or prints can be
rewritten onto the same area of the sample multiple times.
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Figure 6A shows optical micrographs of our rewritable color prints.
First, we selected the crystalline sample with a 20-nm-thick Sb,S;
layer as the rewritable device, which has a blue/purple background
in crystalline state and yellow/orange color in amorphous state. We
patterned the self-portrait of Vincent van Gogh in the TPL system.
The color printing results are shown in Fig. 6A (i). By tuning the
laser power at each exposure point, different colors were realized by
partially or completely reamorphizing the crystalline Sb,S; sample.
Figure 6A (ii) shows the effect of thermal annealing the sample at
300°C for 2 min on a hot plate. The image was erased, thus making
it possible to write a new image in the same area. The slight change
in color of the erased region indicates the area where previous prints
were made. We then patterned another Vincent van Gogh painting,
Vase with Fourteen Sunflowers, in the same area, as shown in Fig. 6A
(iii). Subsequently, we erased the painting of the Vase with Fourteen
Sunflowers and patterned a different Vincent van Gogh’s self-portrait
on the same area at a smaller size, as shown in Fig. 6A (iv). Figure S10
shows a zoomed-out image of the color prints relative to a scratch
mark that assisted the positioning of these color prints on the same
area. Although Sb,S; consist of anisotropic crystals (blue and purple),
we applied the same laser power to switch them back to the amor-
phous state and did not consider the damage threshold for each
crystal orientation. Hence, orientations that require less energy to
reamorphize exhibit some degradation, as shown in fig. S10. In ad-
dition, because of the birefringence patterns in the Sb,S; crystals, we
investigated the polarization dependence of our color prints, as shown
in fig. S10D. Notably, the background crystalline colors are polar-
ization dependent and switchable, while the reamorphized areas are
polarization independent.

Different thicknesses of Sb,S; provide options for the color tones
of rewritable paintings. Figure 6B shows the optical microscopy
images of the three states of the sample with a 15-nm-thick layer of
Sb,S3. With increasing laser powers from 2.0 to 10.0 mW, crystal-
line regions were gradually switched back to the amorphous state. The
power levels are ~20% lower than those required to switch the thicker
20-nm films. Figure 6C shows the rewritable results on this sample in
a similar manner with the thicker films. First, we printed the Girl with
a Pearl Earring on a crystalline sample with 15-nm-thick Sb,S; (Fig. 6C, 1),
performed an erase step (Fig. 6C, ii), and finally printed over the
same area the painting of Mona Lisa, as shown in Fig. 6C (iii). The
pixel size in the TPL printing was set at 500 nm by 500 nm, corre-
sponding to a print resolution of ~4.35 x 10* dpi.

DISCUSSION

We demonstrate a solid-state, ultrathin, super-high-resolution, and
rapid-switching programmable color printing device that exploits
large refractive index changes induced by structural transitions in
Sb,Ss. By gradually tuning the average laser power of femtosecond la-
ser pulses, an intermediate partially crystalline state forms as evidenced
by Raman spectroscopy, reflectance resonances, and measured optical
constants. With the help of femtosecond laser pulses and a thermal
anneal, the interference colors can be cycled back and forth by tuning
the structural states of the chalcogenide material. Furthermore, we
printed and erased different color images in the same area of the device
with subdiffraction resolutions. Wider color gamut and active visible
photonic devices can be realized by incorporating Sb,Ss in the feed gap
of gap-plasmon cavities or directly used as nanoantennas in dielectric
metamaterials. Specifically, we believe that this is the first report of a
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Fig. 6. Rewritable chalcogenide color microprints. (A) Optical micrographs of the same region of sample with 20-nm-thick Sb,S; showing (i) the self-portrait painting of
Vincent van Gogh, (i) the erased sample in crystalline state after thermal annealing, (iii) a print of the Vase with Fourteen Sunflowers of Vincent van Gogh as the second
image patterned on the same area, and (iv) a second self-portrait painting of Vincent van Gogh written as the third image after erasing the sample a second time.
(B) Optical microscopy images of the amorphous, crystalline, and the reamorphized color patches of the sample with 15-nm-thick Sb,Ss. The color patches with laser power
from 2.0 to 8.0 mW correspond to intermediate states. The color patch with power of 10.0 mW is switched back to amorphous state. (C) Rewritable color prints on the
same area of the sample with 15-nm-thick Sb,Ss. Micrograph of Girl with a Pearl Earring (Johannes Vermeer, 1665) written as the first color print (left). Erased sample with ther-
mal annealing (middle). Mona Lisa (Leonardo da Vinci) written as the second painting on the same area (right). Scale bars, 20 um.

birefringent PCM that can be amorphized with femtosecond pulse
trains at high repetition rate and subdiffraction-limited patterns. Usu-
ally, one needs fast cooling or quenching to amorphize PCMs, but here,
we demonstrate that it is possible to amorphize with 80-MHz cycles
of femtosecond pulse trains, which suggests that any cumulative heating
effect is small. We believe that this is likely due to the subdiffraction-
limited volume of Sb,Ss, which is heated by the laser. Because the heated
volume is small, negligible heat is trapped within the structure and fast
quenching is possible within the 12.5-ns cycle between the femtosec-
ond pulses. We expect that the proposed ultrathin and subdiffraction
rewritable color printing method and the previously unknown charac-
teristics of Sb,S; are useful for next-generation high-resolution col-
or display devices and optical encryption.

MATERIALS AND METHODS

Materials

The aluminum film was first deposited on Si (001) substrate using
an electron beam evaporator (Kurt J. Lesker Company) at a pres-
sure of 1.1 x 107° torr, and then, SisN4/Sb,S5/SisN, were sequen-
tially deposited with radio frequency sputtering under a base
pressure of 3 x 1077 torr. Sb,S; was deposited from a pure Sb,S;
target in an argon (Ar) atmosphere with a flow of 10 sccm (standard
cubic centimeters per minute), and the Si;N4 was deposited from a
pure Si target in an Ar:N, = 8:2 (8-sccm Ar and 2-sccm Ny) reac-
tive mixture. The sputtering pressure was 3.7 mtorr (~0.5 Pa), and
the working distance was 140 mm. The crystalline samples were
achieved with heating the amorphous samples on a hot plate at 300°C
for 2 min.
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Color image printing

The predesigned images were first coded with MATLAB and De-
scribe programming languages, and each pixel of the images was
transferred to a matrix including the position and power informa-
tion of the laser pulses. We use the femtosecond laser pulses gener-
ated from the commercial direct laser printing system (Nanoscribe
Inc., Germany) to reamorphize the crystalline sample and to write
the color images in Fig. 6. The wavelength of the femtosecond laser
is 780 nm, and the repetition rate and pulse width are 80 MHz and
100 fs, respectively. The output power of the laser can be controlled
with an accuracy of 0.1 mW.

Reflectance and Raman measurement

Reflectance spectra were measured with a Nikon Eclipse LV100ND
optical microscope equipped with a microspectrophotometer (CRAIC),
and the optical microscopy images were taken with a Nikon DS-Ri2
camera. Raman spectra were collected with a WITec alpha300 system
equipped with a 532-nm laser.

Refractive index measurement

The refractive indices of amorphous, crystalline, and intermediate states
of Sb,S; were measured with an imaging ellipsometer (nanofilm_ep4,
Accurion GmbH). Anisotropy refractive indices were achieved with
an attachment for Mueller matrix measuring. All the refractive indices
were measured under a 20x microscope objective.

Numerical calculations
The simulated reflectance spectra and the corresponding color
patches of simulations in figs. S1, S4, S7, and S8 are calculated with
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the commercial FDTD software (Lumerical Solutions). The heat dis-
tributions in Fig. 4 are calculated with the finite element method soft-
ware COMSOL Multiphysics. An electromagnetic two-temperature
model is built on the basis of the non-equilibrium thermal process to
simulate the femtosecond laser pulse interaction with our designed
system (details are provided in the Supplementary Materials).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/51/eabb7171/DC1
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