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Supplementary Note 1: Interfacial phase shifts induced ultra-sensitive resonance
manipulation

The sensitivity of the Fabry-Perot (FP) resonance wavelength to its thickness is
discussed. In such a configuration (schemed in Supplementary Fig.4a), the phase
retardations in one round-trip include both propagation phase shifts in the cavity and
interfacial phase shifts acquired at two boundaries. The resonance condition can be

matched when the resonance wavelength is related to the FP thickness as following

2n

A= W%q,z)h (1)
where n is the real part of the refractive index of the medium in the FP cavity, h is its
thickness, m is the resonance order. @1 and ¢> are the interfacial phase shifts defined
to lie in the interval [0, 2m) at the two interfaces originating from the imaginary parts
of index, respectively. It is shown that the sensitivity of the resonance wavelength to
the FP thickness is mainly determined by the refractive index and the total interfacial
phase shift at the interfaces. For lossless dielectrics, the interfacial phase shifts are
usually restricted to 0 or i, depending on the refractive index contrast at the interface®.
The propagation phase accumulation in a round trip linearly proportional to the
thickness is dominant over the interfacial phase shifts for resonance manipulation. It
is revealed that the resonance wavelength has a slow and linear variation along with
the FP thickness if the contribution from total interfacial phase shifts is negligible.
However, when the total phase shift approaches to 2m, the sensitivity curve of the first

order resonance increases exponentially, indicating an ultra-sensitivity, as illustrated

in Supplementary Fig.4. In this case, total interfacial phase shifts dominantly



contribute to the first order resonance manipulation and the propagation phase shifts
become relatively negligible. Thus, the resonance wavelength showcases a large
tunability even the FP thickness is far smaller than the wavelength (<A/20).

To this purpose, materials with large both real and imaginary parts of indices as
well as proper substrate designs play an important role to realize an ultra-sensitive
resonance manipulations® %5, holding tantalizing potentials to realize ultra-sensitivity.
The total interfacial phase shifts for MoS, on different substrates are calculated by
using the Fresnel formulas, as shown in Supplementary Fig.5. It can be seen that the
total interfacial phase shift of the MoS;-Au pair manifests a broadband response near
2min the visible regime, outperforming the other substrates such as Ag and Silicon. By
varying the thickness of MoS; layers, the ultra-sensitivity of resonance wavelength
manipulation supported in the MoSx-Au configuration reveals the largest tunability in
reflectance spectra for wide color palettes as shown in Supplementary Fig.5.

For comparison, the sensitivity of different materials integrated on the Au
substrate is calculated in Supplementary Fig.6. Clearly, the MoS;-Au configuration
outperforms the other materials by showing an ultra-sensitivity of 13.95 nm per MoS;
layer, which corresponds to up to nearly 6 times and 2 times larger than that of 2.3 nm
per graphene layer and 5.9 nm per Ge layer, respectively. This result is in good
congruence with the illustration in Fig. 1c where the refractive indices of MoS; layers

overlap with the widest range of total interfacial phase shifts close to 2.



Supplementary Note 2: Calculate heat distribution during laser exfoliation.

The temperature distribution of 15 layers of MoS; film on the Au substrate during
laser exfoliation is calculated in Supplementary Fig.7. The substrate is set at room
temperature and the laser beam with a Gaussian profile is focused by an objective lens
(numerical aperture of 0.75) to a diffraction-limited spot with diameter of 430 nm.
Three-dimensional temperature distribution of the layered MoS; film can be obtained

by the following thermal diffusion equation®.
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Where G, is the specific heat, p is the mass density and I; is the absorbed light power
density of the it layer. Ui (r, t) is the temperature distribution in the it* layer at the
position r and time T. The electric field distribution within the MoS; layers upon
focused laser beam illumination was obtained by using the finite difference time
domain (FDTD) method. Then the absorbed optical power flow at each point was
extracted with the equation qups = %we”|E|2, where wis the angular frequency and
¢” is the imaginary part of the dielectric function &€ = ¢ +ie” of the resonator
material and used to calculate the temperature distribution by solving the thermal
diffusion equations. In the calculation, the time step is set dt = 0.1 ns and the
spatial step is set dz = 0.67 nm. The specific parameters are shown in Table S1.
Supplementary Fig.7 illustrates the temperature distribution calculated at the

incident amplitude of 1.5 mV/m. The two orders of magnitude difference in the in-



plane and out-of-plane thermal conductivity” 8 is responsible for a sharp temperature
gradient of 74.4 degrees/nm along stacking layers. Even the initial thickness of the
layered film of 20 nm is within the focal depth (~ 1.3um) of the tightly focused beam,

it allows precise exfoliation of atop atomic layers without adversely affecting the

bottom layers.

~ Parameter  Value
p 5.1%10(g/um?>)
0.45

ki 43*10°(W/(um*k))

ko 43*10°%(W/(um*k))

Kair 1.204*10°%W/(mm*k))
Ksub 320%10°%(W/(um*k))

Cp 65.13(J/(mol*k))

Table S1 Parameters used for temperature distribution calculations 7-% 10,11
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Table S2 Comparison of the performance with other structural color papers in terms
of structural thickness/surface corrugations, color gamut, printing methods and angle

tolerance.






Supplementary Figures
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Supplementary Figure 1. X-ray diffraction pattern of an as-grown 10 nm-thick MoS;
film deposited on SiO2/Si by pulsed laser deposition.
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Supplementary Figure 2. (a) STEM image of a MoS; thin film grown on SiO; (b) HR-
STEM imaging showing layered structure of the MoS; thin film. (c) Intensity profile of
along the cross-section shown in (b)
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Supplementary Figure 3. (a) Photograph of MoS; thin film deposited by PLD on a 2
cm by 2 cm SiO2/Si substrate. (b) Measured optical constants of MoS; in the visible
to near infrared wavelength range.

10



c
14007 — Torqn 1400
—16/97

Air

1200 1200

1000 1000
= E
E 800 E 800
~< 600 ~ 600

400 400

200 200

0 0
0 10 20 30 40 50 o 1 2 3 4 5 &

h(nm) P+,

Supplementary Figure 4. The sensitivity of the Fabry-Perot (FP) resonance wavelength
to its thickness. (a) Schematic configuration of a FP cavity formed by a dielectric layer
with refractive index of n that is sandwiched by air and substrate. The interfacial phase
shifts of the light wave reflected at the two interfaces are @1 and ¢», respectively. (b)
The resonance wavelength variation against the FP thickness for different total
interfacial phase shifts of @, 15m/9, 16m/9 evaluated by using Eq. s1. For simplicity,
the refractive index of the medium is set as 1.5, and resonance order is m=1. (c) The
sensitivity of the first order (m=1), second order (m=2) and third order (m=3)
resonance wavelength increases exponentially when the total interfacial phase shift in
a round trip approaches 2m. The thickness of the FP cavity is set as 20 nm with

refractive index of 1.5.
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Supplementary Figure 5. The influence of different substrates on the total. The
wavelength dependent total interfacial phase shift for MoS; on Al (a), Au (b) and Si (c)
substrates. It can be seen that the total interfacial phase shifts of the MoS,-Al
configuration are slowly decreasing from 5.5 to 4.17 from 400 nm to 800 nm. The total
interfacial phase shifts for the MoS;-Au configuration drops from near 2m to 5 as the
wavelength changes from 400 nm to 800 nm. While integrating MoS; layers on the Si
substrate, it can be found that the interfacial phase shifts drop rapidly from 3 to around
0 as the wavelength increases from 400 nm to 800 nm. Owing to the different
contribution of interfacial phase shifts to the resonance manipulation, MoS; thin films
with different numbers of layers exhibit wide color appearances. (d - f) Color
coordinate diagrams of MoS; layers with different nanometric thicknesses prepared

on Al (d), Au (e) and Si (f) substrates.
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Supplementary Figure 6. The reflectance manipulation of dielectric thin films
integrated on the Au substrate by different numbers of layers. The reflectivity from the
graphene-Au (a) and Ge-Au structures (b) as a function of the thickness and the
incident wavelength. The white dashed lines are guide for eyes illustrating the
tunability and sensitivity of resonance wavelengths. A sensitivity of about 2.32 nm per
graphene layer and 5.95 nm per Ge'® layer can be extracted. (c) The comparison

among the performance of three kinds of materials on gold substrate. The first column
13



is the thickness of each layer, and the second and third column are the changing
wavelength of each layer thinned and the wavelength of the thinning per nm using
MATLAB to calculate. Chromaticity coordinates in the 1931 CIE diagram of the
reflected color from graphene (d) and Ge (e) thin film on gold substrate for a variety

of thickness.
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Supplementary Figure 7. Calculated temperature distribution during laser exfoliation.
(@) Schematic diagram of laser thinning, k; and k, represents in-plane and out-of-
plane thermal conductivity, respectively, and kg, represents thermal conductivity
between MoS; and substrate. (b) The calculated temperature distribution in the XZ
plane where the absorbed optical power flow at each point was extracted by the FDTD
simulation. (c)The filed distribution within the MoS; layers upon focused laser beam
illumination. The amplitude is 1.5mV/m. The black dotted line indicates the MoS; layer.
(d) The electric field intensity at the white dotted line in (c). (e) The vertical direction
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plots of temperature distributions, showing a sharp temperature gradient of 74.4

degrees per nm along the stacking layers.
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Supplementary Figure 8. The schematic illustration of the experimental system for
laser exfoliation and the procedure of laser printing. The designed image is firstly
divided into different color regions which are digitalized into gray-level nanometric
thicknesses and then printed by different laser powers. The laser beam at the
wavelength of 532 nm is focused onto the sample surface by an objective lens with
numerical aperture of 0.75 and a lateral pixel size of 0.4 um. The sample is mounted
to a 3D translation stage. The synergistic movement between the focal spot and the

3D stage is controlled by a Labview program (National Instruments Co.).
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Supplementary Figure 9. Another collection of high definition color prints by the laser

exfoliation approach with a high resolution of 58,000 DPI.
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Supplementary Figure 10. Angular dependency of reflectivity spectra. (a,b). The
calculated spectra spectra for s- and p-polarization, respectively, for angles of
incidence from 0° to 80° for a 10 nm-thick MoS; film integrated on the Au substrate
(the value of reflectivity is indicated by the colour bars). (c), Color prints viewed with
incident angles from 10° to 60°.
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Supplementary Figure 11. Characterization of wavelength dependent diffraction
efficiencies of laser exfoliated gratings. (a) Experimentally measured diffraction
efficiency (defined as the first-order diffraction intensity divided by the summed
intensities of both first-order and zeroth-order diffractions) as a function of
wavelengths. (b), Optical microscopic image of the prepared grating with a period of
1000 nm. Atomic force microscope (c) and optical microscopic (d) images of the

corresponding gratings that have been stripped directly by the laser beam, respectively.

18



= = = =
o =)

Intensitity (a.u.)

=

<
)
—
S
—
w
N
=
o
N
hn
©
WL
[
°
=
°
-
= b
o
—
wn
~
<
o

Supplementary Figure 12. Diffraction angle characterization of laser exfoliated
nanometric flat gratings with different periods. (a) Experimental configuration for
diffraction angle characterization. The grating with a period of 1200 nm (b) and 1800
nm(c) was prepared. At a distance of 5 cm from the sample, CCD was used to acquire
the diffraction spot. Diffraction angles were measured to be 26°19' and 17°,
respectively, for gratings with 1200 nm and 1800 nm periods. The insets show the

optical and SEM images of corresponding gratings exfoliated by direct laser writing.
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