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Section S1. Additional optical simulations and measurements.
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Fig. S1. Effect of SizN4 thickness on the reflectance spectra of the 20 nm device. The simulated
reflectance spectra of the amorphous (A) and crystalline (B) device with 20 nm Sb>S3 with
simultaneously varying the thicknesses of both the top and bottom Si3N4 from 5 to 70 nm. The
optimum thickness for Si3Ns is 5 nm.
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Fig. S2. Raman spectra of the device with laser power larger than 12.0 mW. Raman spectra of

our four-layer device (20 nm Sb2S3) with laser power higher than 12.0 mW. It shows that the Sb,S;
is damaged when the laser power is larger than 20.0 mW.
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Fig. S3. Measured optical constants of Ge2Se2Ths. Measured refractive index (A) and extinction
coefficient (B) of Ge2Se2Tbs in amorphous and crystalline in the visible region.
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Fig. S4. Reflectance and color for amorphous and crystalline devices with 20 nm Sb2S3 films.
(A) Simulated reflectance spectra of the device with 20 nm Sb»S3, and the measured refractive indices
of amorphous, crystalline 1 and crystalline 2 in Fig. 2 are employed for the simulations. The refractive
index of crystalline for simulation is the average of that for crystalline 1 and 2. (B) Bright-field
micrographs of the amorphous and crystalline color patches of the device with 20 nm Sb,S;. (C)
Simulated color patches for the device at amorphous, crystalline (average), crystallinel, and

crystalline2 states.
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Fig. S5. Angle-independent colors of the amorphous and crystalline structures. Calculated
reflectance spectra as a function of angle of incidence for amorphous (A) and crystalline (B) SizNa(5
nm)/Sb2S3(20 nm)/Si3N4(5 nm)/Al(100 nm) structures. (C) Effect of incident angle (0° - 70°) on the
color change of the amorphous and crystalline structures.

An optical thin-film multilayer model can be employed to explain the reflectance of our structures.
When the light is incident on the surface of our structure (Si3N4/Sb2S3/SizN4/Al), the beam is split
into two parts, i.e. a reflected beam (1) and a transmitted beam (#1) that enters the Sb,S;. The
transmitted beam (#1) in Sb,S;3 is also split into two parts (reflected > and transmitted beam 1) at the
interface of Sb,S3/Si3Ns. Part of the reflected beam (72) is transmitted out to the surface of the
nanostructures and interferes with 1. Multiple reflections and transmissions will take place at each
interface. The reflected beam r; interferences with all the light reflected out of the
Si3N4/Sb2S3/Si3N4/Al structure to form a complex reflectance coefficient for each wavelength of light.
The square of the amplitude of the complex reflectance coefficient for each wavelength represents
the reflectivity. For each layer film, the reflection and transmission efficiency at each interface are
related to the refractive index (n + ik), layer thickness and wavelength of light. The »n and & for
amorphous and crystalline Sb,S3 are substantially changed, which leads to different reflectance (or
absorption, i.e. 1-Reflectivity) for each wavelength of light propagating within it. Therefore, the
resonance of the structure can be tuned through switching the phase state of Sb»Ss.



In our stack structures, we employ the multilayer thin film model to calculate the complex
reflectance coefficient (r) as a function of the thickness of the structure for amorphous and crystalline
states, as shown in Fig. S6. We started by calculating complex reflectance coefficient from the Si
substrate, as we build up the thin film stack from the bottom Al layer to the top Si3N4 layer. For the
amorphous state in Fig. S6A, we select the wavelength at the resonance as 498 nm, and the calculated
reflectance coefficient is started from r = -0.6 + 0j for Si substrate. With increasing the thickness of
the Al film to 100 nm, the reflectance (|r|) is ~1. With increasing the thickness of Sb2S3, the reflection
coefficient is gradually decreased to r = 0.1 + 0.25/. After adding the top SizNa, the reflection
coefficient is almost r = 0 + 0j, which corresponds to the maximum absorption and minimum
reflectance of the structure. Fig. S6B shows the corresponding complex reflectance coefficient for the
crystalline structure at 498 nm. Notably, the topmost surface at the air/Si3Ny interface has a reflectance
r =-0.4 + 0.02j, in agreement with the measured spectra. Fig. S6C shows the complex reflectance
coefficient of the crystalline structure at its resonance dip, and the coefficient map displays a
minimum reflectivity at the surface of the structure.
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Fig. S6. The complex reflection coefficient of the SizN4/Sb2S3/SisN4/Al as a function of thickness
of each layer. (A) Amorphous structure at 498 nm. Crystalline structure at 498 (B) and 595 nm (C).
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Fig. S7. Calculated amorphous (A) and crystalline (B) color palettes with varying the thickness
t of Sb2S3 from 10 to 50 nm. (C) Simulated reflectance spectra of the device. (D) CIE chromaticity
diagram of the devices with the thickness of Sb.S; film varying from 10 to 50 nm.
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Fig. S8. CIE chromaticity diagrams of the device of Si3zN4(5 nm)/PCM(tpcy nm)/SizNa(5
nm)/Al(100 nm) on a Si substrate. The PCM is Sb,S3 (A), GexSboTes (GST, B), GeTe (C), and
AgsInsSbreTe17 (AIST, D). The thickness (fpca nm) of PCM varied from 10 to 50 nm.
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Fig. S9. Thermal simulations and re-amorphization experiments for the structure with top Al
film. Calculated cross-sectional temperature distributions within Si3N4(5 nm)/Sb2S3(20 nm)/Si3Na(5
nm)/Al(100 nm) (A) and Al(3 nm)/Si3N4(5 nm)/Sb2S3(20 nm)/Si3N4(5 nm)/Al(100 nm) (B). Optical
micrographs of the structures with 3 nm Al on the top surface at amorphous (C) and crystalline states
(D). (E) Re-amorphization of the film with top Al at different laser powers (i) 2.0, (ii) 4.0, (iii) 6.0,
(iv) 8.0 mW. (F) SEM images of the re-amorphized areas of (ii1) and (iv). High magnification SEM
image showing damage to the top Al film. Scale bars: 50 um (C, D), 5 um (E), 1 um (F).
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Fig. S10. Rewritable color prints with markers. (A) Optical micrographs of the same region of
sample with 20 nm Sb»S3 showing the self-portrait painting of Vincent van Gogh (left) and the erased
sample in crystalline state after thermal annealing (right). (B) Print of The Vase with Fourteen
Sunflowers of Vincent van Gogh patterned on the same area (left) and the erased same area (right).
(C) A second self-portrait painting of Vincent van Gogh was written as the third image (left) and the
erased sample (right). (D) Polarization-dependent color print. Optical micrographs of the same color
print of The Vase with Fourteen Sunflowers of Vincent van Gogh’s under unpolarized and mutually
perpendicular polarizations. The background crystalline colors are polarization-dependent and
switchable, as shown by the marked areas 1 and 2. Conversely, the re-amorphized area 4 are
polarization-independent. The intermediate state, marked as area 3, is also polarization dependent.

Scale bars: 20 pm.



Section S2. Thermal model for temperature distribution calculation.

The interaction process between pulsed laser and materials has been intensively studied and many
interesting effects such as pressure variation, increased temperature confinement, vibration modes,
bubble formation, nano-particle modification and acoustic wave generation have been triggered. The
absorption of electromagnetic energy from the laser pulse is usually described as a three-step process.
In the first step, part of the laser energy is absorbed by the electrons over a time scale of ~100 fs and
Fermi-Dirac distribution can be used to depict the electronic state. Subsequently, through electron-
phonon thermalization, also known as electron-lattice interaction, thermal equilibrium will be
established, thus the temperature of electron and lattice will equilibrate, i.e., 7e=7;. This process
usually occurs in a time scale of several picoseconds. Finally, the energy diffusion to the surrounding
medium lasts from several hundred of ps to a few ns, which can overlap in time with the second step
(39).

In the first step, the heat generation is governed by the Joule effect and can be calculated as
Q= [, qr)d’r (D

where, V' is the volume of the heat absorption material, ¢(r) is the heating power density. Considering
the property of time-harmonic electromagnetic field, g(r) can be expressed as (39)

q(r) =S Re[J* () - E(r)] )
in which, J(r) and E(r) are the complex amplitudes of the electronic current density and complex
electric field, respectively. Thus, combined with the relation of current and electromagnetic
polarization, we obtain

1
q(r) =S Im(e(w)) &|E@)I? (3)
where, o is the frequency of electromagnetic wave, &(w) is the complex permittivity of material, &9 is

the vacuum permittivity.

Generally, according to the L'Hopital's rule, the energy distribution of an incident single laser
pulse can be expressed by a two-dimensional Gaussian function as

R(r) = 2 exp (- 22) )

wr?fr
here, Py is the average incident laser power, £ is the pulse frequency and w; is the pulse waist. Taking
the pulse duration into consideration, the laser power fluence is

_ 2P 1 (2R (ty)?
F r,t) = Tw, 2 fr Vit exp ( wrz) exp ( 72 ) ®)
in which, time duration
T = tpulse—widt (6)

2vin2
and 79=2t, thus = 0 fs corresponds to the beginning of the laser pulse and the pulse intensity reaches

maximum at #y. Therefore, the investigated system absorbs the energy from the incident laser pulse



with a Gaussian profile as a function of time and a 2D Gaussian profile in spatial domain. The specific
absorbed energy can be obtained by solving Maxwell equations.

Since the laser pulse duration is much shorter than the thermal equilibrium time for the
electron and lattice, a two-temperature model (TTM) is applied to describe the non-equilibrium
thermal phenomena in the system:

T,
Ceg = V(keVTe) - G(Te - Tl) +Q
oT
Gy a_tl =V(k,VT)+G(T, —T) (7

here, C; = pC, is the heat capacity of lattice, p is the density of material, C, is the heat capacity at
constant pressure, k. and &; are the thermal conductivity of electron and lattice, respectively. Ce is the
heat capacity of the electron distribution,

TL’ZTLekB

eta, ®)

in which, z. is the density of electrons, kp is the Boltzmann constant, ur is the Fermi energy. G is the

C. =

electron-phonon coupling factor that represents the exchange speed of thermal energy between
electrons and phonons. During the thermal equilibrium process of the electron and lattice, thermal
diffusion to the surrounding occurs, finally leading to heat dissipation to the system.

To simulate the femtosecond laser pulse interaction with our designed system, an
Electromagnetic Two-Temperature Model (EM-TTM) was developed by employing the commercial
finite element method (FEM) software COMSOL Multiphysics based on the theory described above.
The wavelength of laser pulse is 780 nm with pulse rate 80 MHz and pulse Full width at half
maximum (FWHM) 100 fs. The permittivity (¢) and thermal properties of the materials are obtained
from built-in material library in COMSOL and experimental measurement as following:

Thermal conductivity is 1.16 W/m-K, density is 4.6 g/cm?, electrical conductivity 3.3x10°8
S/cm, lattice heat capacity is from Ref. 40, the electron heat capacity is chosen as three orders of
magnitude smaller than the lattice heat capacity, and electron-photon coupling strength is chosen as
~10'7 W/(m?*-K). Experimental refractive index is 3.11 + 0.29 i for wavelength 780 nm.
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