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ABSTRACT Structural colors based on dielectric metasurfaces are attractive because of their
potential application in next-generation optically variable devices for anti-counterfeiting. However,
the commonly used dielectric materials suffer from the issues of high light absorption (e.g., Si at
blue wavelength) and low resistance to corrosion (e.g., titanium oxide), which greatly limit their
application as structural color for information encryption. Here, we demonstrate the nanostructured
diamond metasurface structural color constructed on nanocrystalline diamond (NCD) film by using
bias enhanced nucleation (BEN) technique. Owing to the formation of highly crystalline diamond
by the BEN process, the synthesized NCD film with a thickness of ~ 500 nm exhibits excellent
optical quality with a relatively high refractive index that produces a strong magnetic dipole mode
by Mie resonance. To realize the dynamic functionalities of diamond metasurface color with high
resolution, a periodic array of asymmetric diamond cuboids with high aspect ratio (~ 3.1) was
fabricated, which produces polarization-dependent response due to the enhanced Mie resonance. By
optimizing the configuration of the diamond-metasurface system, the color performance was
improved with high brightness and a relative wide gamut (~ 65 % of the sRGB). Our work
demonstrates for the first time that NCD can serve as a robust and highly tunable dielectric platform

for application in information encryption.

KEYWORDS
Structural color; Encryption information; Diamond metasurface; Mie resonance; Polarization-

dependent response



1 Introduction

Structural color based on microscopic surface structure has been extensively studied due to the
merits of good color saturation [1], excellent durability [2] and long-term stability [3], which are
highly promising for applications in dynamic color printing [4], secure encryption and digital
display [5]. A prominent example of structural colors is the plasmonic color resulting from the
localized surface plasma resonance on metal nanomaterials, which can cover the entire visible
spectrum and generate vivid images [6-8]. However, the high absorption and severe intrinsic losses
from metallic components in resonant plasmonic system greatly limit the color saturation.
Alternatively, dielectric materials like silicon and titanium oxide have demonstrated great potentials
in achieving structural colors with high resolution and wide gamut. Compared with plasmonic
resonance, both electric and magnetic dipole modes are supported on the subwavelength unit cells
of the dielectric metasurface due to the occurrence of Mie scattering [9]. Possessing a high refractive
index is a prerequisite of these dielectric materials for effectively controlling the reflection or
transmission spectrum to get pure and bright colors. However, conventional dielectric materials are
disadvantaged by high light absorption at blue wavelength regime (e.g., polycrystalline and
amorphous silicon) [10-12] and low resistance to corrosion (e.g., titanium dioxide) [13]. Thus,
developing a robust dielectric material with low-loss, high refractive index and good durability is
highly demanded for application in metasurface colors.

Diamond can be a perfect candidate for realizing the dielectric metasurface colors owing to its
outstanding physical and chemical properties. Diamond possesses a high refractive index
(~ 2.4 @633 nm) and negligible extinction coefficient in the visible spectrum range [14]. Its
inertness to extreme pH and good oxidation stability in air make it highly durable. Diamond also
has a high thermal conductivity and an ultrawide transparent window from mid-wave UV to IR
range [15]. Consequently, diamond-based optics, such as optical waveguides [16], resonators [17]
and metalens [18], have been widely used. In addition, a recent theoretical study predicted that the
performance of diamond metasurface is comparable to that of all-dielectric TiO, metasurfaces [19].
By tuning the geometric dimensions of diamond metasurfaces, the simulated structural color
exhibits a broader gamut and higher saturation than that of metallic metasurface [20].

Although polycrystalline diamond film over large area 20 X 30 cm? can be grown at low

temperature (= 250 °C) in CH,/CO,/H, plasma [21], the traditional wet “seeding” step performed



on silicon substrate before diamond film deposition is time consuming and the nanodiamond
particles used for seeding are also costly, resulting in the substantial increase of the fabricating cost.
To form optical NCD film on silicon substrate without the interfering effect of the seeding diamond
particle layer, it is desirable to bypass the wet seeding method. A bias enhanced nucleation (BEN)
method has been proposed during which an external electric field is created to accelerate the
bombardments of charged carbonaceous species on substrate surface, producing a sub-surface
implanted sp3-rich layer for seeding diamond growth [22-24].

Here, we report the growth of NCD film on silicon substrate by BEN technique at 500 °C
in CH4/H,/CO, gases. Our deposition temperature is substantially lower than previously reported
BEN process [25-28], on account of the linear antenna plasma used [29, 30]. We found that
controlling the plasma chemistry during BEN process enables the optical properties of the NCD
films to be tuned. Lithographically patterning asymmetric diamond cuboid unit with a high aspect
ratio (~ 3.1), enables polarization-dependent response to be engineered, leading to dynamic colors
with high resolution. The presence of Si;N, layer beneath the diamond cuboid improves the
coloration performance with a relatively wide gamut ( 65 % of sRGB) and high color brightness.
Our work demonstrates that highly tunable structural colors based on Mie-resonant diamond
metasurface is potentially useful for generating encrypted patterns with long-durability and high-

resolution.

2 Experimental Section

2.1 NCD film deposition

A customized 2.45 GHz linear antenna microwave plasma (LAMP) system was employed to
deposit nanocrystalline diamond (NCD) film. Prior to deposition, p-type silicon or silicon nitride
coupon (30 X 30 mm?) was firstly cleaned in Ar/H, plasma for 5 min and then a negative bias
voltage (— 100 V) was applied to Mo plate to promote the formation of diamond nuclei in rich CH,
gas atmosphere. The duration of bias voltage lasted for 30 min. After the bias enhanced nucleation
(BEN) process, the methane content was reduced to 4 % for depositing continuous diamond films.
Details of BEN process and NCD film growth are shown in Table S1 in Supporting Information.
2.2 Sample Fabrication

NCD film with thickness of ~500 nm was grown on silicon substrate, and diamond cuboid array



was fabricated by electron-beam lithography (EBL) and plasma etching techniques. A 100 nm
thick hydrogen silsesquioxane (HSQ) photoresist (PR) (Dow Corning, XR-1541-006, 6%
dissolved in methyl isobutyl ketone) was spin-coated on NCD film surface and then EBL
technique was used to print target patterns on the PR layer. After development (NaOH/NaCl
solution) step, the sample was selectively etched in Cl,/0, plasma in ICP-RIE tool. Finally, the
residual HSQ later was wet chemically removed away in hydrofluoric acid solution.

2.3 Sample Characterization

A Raman microscope spectroscope equipped with 325 nm laser source (Power output 25 mW)
was used to assess the quality of diamond films. The optical properties of NCD film was assessed
by a variable angle spectroscopic ellipsometer (J. A. Woollam). The measurement was performed
using three different incidence angles (50°, 55°, 60°) and ellipsometry fitting was done by applying
a four-phase optical model [31-33]. The optical reflectance spectra were acquired by using a CRAIC
micro-spectrophotometer QDI 2010 (Zeiss) The optical microscope image of color pallet was
taken in microscope (Olympus MX61) equipped with “analySIS™ software. More details about
sample characterizations are provided in Supporting Information.

2.4 Theoretical Simulations

A commercial software (Lumerical FDTD Solutions) was used to calculate the electromagnetic
filed distribution and optical spectrum based on the finite-difference time-domain (FDTD) method.
From the top view of the nanocuboid, along X-/Y- direction, periodic boundary conditions were
employed to mimic the periodic arrangement of nanocuboid unit. The perfectly matched layer
serving as absorbing layer for outgoing wave was also applied in the transmission and reflection
direction (Z-direction). The contributions of electric dipole and magnetic dipole resonances were
analyzed with multipolar decomposition. The CIE 1931 chromaticity diagram was calculated by

the color matching functions according to experimental reflectance spectrum [1].

3 Results and Discussion

Diamond cuboid array was fabricated on as-grown NCD films by electron-beam lithography (EBL)
and plasma etching. The fabrication procedure is schematically illustrated in Fig. 1a. Figure 1b
shows the schematic of diamond metasurface consisting of diamond cuboid unit cells on an ultra-

thin nanocrystalline diamond (UNCD) film layer. The length and width of patterned cuboid are



denoted as Ly and Ly, and the distance between the adjacent units is denoted as g, and gy,
respectively. By controlling the duration of the plasma etching process, the height of unit cell was
fixed at ~ 450 nm and beneath it, a ~ 50 nm thick UNCD film served as the anti-reflection
coating for the substrate. As shown in Fig. Ic, symmetric (Ly = L,) and asymmetric diamond
cuboids (L, # Ly) can be lithographically patterned on NCD/Si substrate. To enable polarization-
dependent response and dynamic colors, asymmetric diamond cuboids with a constant ratio of side
length (Ly/Ly ~ 3.1) were fabricated. A multiple-colors palette based on diamond metasurface was
also developed on NCD/Si3N4/Si substrate by simultaneously varying side length L (L, Ly) and

gap size g (gx, 8y) to expand color gamut and enhance color saturation.
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Fig. 1 Structural color metasurface fabricated on diamond cuboid nanostructures. a The fabrication

procedure and b geometric configuration of the designed diamond metasurface. The diamond
metasurface consists of cuboid array and UNCD film layer on silicon substrate. The height of each
unit cell is fixed at ~ 450 nm. A~ 50 nm thick UNCD film is at the interface between diamond
cuboid and silicon substrate, serving as a self-anti-reflection layer. ¢ The schematic of structural

color produced on diamond metasurface under X- (0°) and Y- (90°) polarized light. Polarization-



dependent response and dynamic colors are realized on these asymmetric diamond cuboids.

To form optical quality NCD film on silicon substrate, the BEN process was used for directly
seeding diamond growth. As shown in Fig. 2a and Fig. Sla-b, a high density of diamond nuclei
(~ 10 cm™2) is achieved by performing BEN pretreatment using 20% CH, gas mixture at
constant bias voltage of — 100V for 30 min. To grow NCD film possessing properties of high
refractive index and high transparency, we investigated the optical properties of the film as a
function of CH, concentration in gas mixture during the BEN process. The concentration and type
of radical species were monitored by in-situ OES in Fig. S1c. The relative amounts of hydrocarbon
species [34-37], including CH and C, species, increases with the CH4% in gas mixture. The main
phase and quality of diamond films after BEN pretreatment were analyzed by Raman spectrum in
Fig. 2b. Optimized diamond growth is achieved at 20% CH, gas mixture as judged from the
fingerprint diamond peak at 1332 cm™! with a small FWHM (Full width at half maximum) value
of ~ 25 in the Raman spectrum [8]. Using this condition, we grew a ~ 30 nm thick NCD film that
is characterized by highly crystalline columnar grains, and the presence of an 1nm thick

amorphous carbon layer at the diamond/silicon interface (Fig. 2¢c-d and Fig. S1d-f).
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Fig. 2 Characterization of NCD film by BEN-assisted nucleation using CH4/H,/CO, gas mixture.
a SEM image of as-grown diamond grains on silicon substrate in 20% CH, gas mixture. b
Influence of various CH,% gas mixture on the growth of NCD film. The insert shows the
corresponding Raman spectrum of the film achieved at various CH,% gases. ¢-d Cross sectional
HRTEM images of the formed diamond grains in 20% CH, gas mixture. D and G in (c) represents

diamond and graphite, respectively.

The evolution of optical properties of the NCD film with thickness was tracked by varying the
deposition time. Prior to diamond film deposition, all the samples were pre-treated using the same
BEN conditions in 20% CH, gas mixture for 30 min. The optical constants of diamond film,
including refractive index n and extinction coefficient k, were presented in Fig. 3a. The refractive
index gradually increases with diamond film thickness and approaches the value of bulk single
crystal diamond (2.42 @ 632 nm) when film thickness reaches 500 nm. The extinction coefficient

of the thick diamond film (= 190 nm) approaches zero for wavelength above 400 nm, which



reflects the good transparency of diamond film. The change of optical constants should be attributed
to the increase of sp3-hybridized phase and structural variation as film thickness increases [38-40].
As shown in Fig. 3b, the calculated I/l ratio [41, 42] increases with diamond film thickness,

demonstrating a reduction of the sp? hybridization carbon in the sp3-hybridized carbon matrix as

film gets thicker.
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Fig. 3 Evolution of the optical properties with diamond film thickness. a Spectral dependence of
diamond film as a function of film thickness. The insert in (a) shows the refractive index (n) curve
of diamond film. b Raman spectrum of diamond film with different thickness. The I and Ig
represents for the peak intensity of diamond and graphite phase respectively. The #-PA in (b)

indicates trans-polyacetylene.

To extend the color gamut and demonstrate the feasibility of diamond metasurface for coloration,
the symmetric cuboid with varying side length L (L =L, = Ly) and gap size g (g =g, = gy) was
developed on NCD/Si substrate by applying EBL and inductively coupled plasma (ICP) etching
techniques. As shown in Fig. S2a-d, the fabricated diamond cuboid unit exhibits sharp edge profiles
and its periodic arrangement results in a multiple-colors palette, where the length of diamond cuboid
was varied from 130 nm to 505 nm and the gap size changed from 160 nm to 385 nm. To realize the
application of diamond metasurface in cryptographic information, the dynamic functionalities of
diamond metasurface color was also investigated with the high-aspect ratio (Ly/L, ~3.1)
asymmetric cuboid unit. As shown in Fig. 4a, the cuboid unit exhibits subwavelength dimensions
with width Ly = 110 nm and length Ly = 350 nm and forms a periodic array with varying gap

sizes. The asymmetric configuration of cuboid units enables polarization-dependent response,



resulting in dynamic colors without changing materials properties [43, 44]. As shown in Fig. 4b,
colors switching occurs depending on the polarization state, which is revealed by the pixel color
change from orange, brown and green to blue, olive and pink respectively when the polarization
state of light was turned from X-polarization state (0°) to Y-polarization state (90°). These
measured reflectance spectra are consistent with the simulated ones in Fig. S3. The electromagnetic
field distribution was simulated in Fig. S4a-d. To further investigate the optical response on diamond
cuboid array, the multipolar modes of scattering cross-sections were decomposed into electric dipole
(ED), magnetic dipole (MD), electric quadrupole (EQ) and magnetic quadrupole (MQ) modes in Fig.
S4e. The excited magnetic dipole response is stronger than the electronic dipole response at A =
680 nm on diamond cuboid, indicating that the optical resonance is dominated by MD at this
wavelength. The test for cryptographic nanoprints in the image “Dragon” was decoded by applying
the above asymmetric cuboid unit under 0° and 90° polarized light. The top-view SEM image of
the “Dragon” pattern was shown in Fig. 4c. The overall size of the image is 600 X 450 um. The
pixel size varies between 5 X 7 and 9 X 17 array of diamond cuboids to fit the whole image. As
shown in Fig. 4d-e, the color impression uniformly distributes on each part of the “Dragon” image
and color distinction is well preserved even as the dimension of cuboid unit decreases. The
dynamically switched “Dragon” image appears under different polarized-angle lights. To a certain
degree, it is an angle-insensitive color printing performance of diamond metasurface. The observed
color remains the same when the tilt angle was controlled within 13° under X-polarization state (0°)
light (Fig. S5). Theoretically, when the incident electric filed is decomposed into two orthogonal
coordinates (vertical and horizontal), the wavelength and polarized-angle-dependent reflectance [43,
45], which are believed due to the superposition of vertical and horizontal responses, can be
expressed as:
R(6,1) = Ry(Q) sin?(0) + Ry (A) cos?(8) (1)

0 isthe polarized angle. A [nm] is the wavelength of light in space. Ry(A) and Ryz(A) represents
for reflection of the polarized light along vertical (90°) and horizontal (0°) axis respectively. Take
the “Dragon tail” as an example, when the polarization switches from 0° to 90°, the resonance mode
excited by the horizontally polarized light (A = 680 nm) vanishes while the resonance mode gets
dominated by the vertically polarized light at A =% 550 nm, leading to the color switch from brown

(0°) to olive (90°).
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Fig. 4 Dynamic functions of diamond metasurface with structural colors. a SEM images of the
designed asymmetric diamond cuboid periodically arranged with varying gap sizes. (I1): Ly =
350 nm, Ly =110 nm, gy =340 nm, g, = 320 nm; (II): Ly =350 nm, L, =110 nm, g, =
490 nm, g, =450 nm; (Ill): Ly =350 nm, L, = 110 nm, gy = 120 nm, g, = 150 nm. The
scale bar 1 um. b The measured Reflectance spectra and corresponding colors under X- (0°) and
Y- (90°) polarized light. ¢ The top-view SEM image of the encrypted “Dragon” pattern. d-e The
encrypted “Dragon” pattern was decoded by illumination under X- (0°)and Y- (90°) polarized light.

The scale in (c-e) 200 um.

However, according to the results in Fig. S2d, the experimental reflectance spectra in CIE 1931
color map only occupy 22 % of the SRGB gamut and the corresponding coordinates distribute close
to the center, indicating that the color performance suffers from low color saturation and small gamut.
To solve the above problems, silicon substrate capped witha 70 nm SizN, layer was used to further
suppress the reflection from substrate. A typical symmetric diamond cuboid array on
NCD/Si3N,/Si substrate is shown in Fig. S6. As shown in Fig. 5a-b, owing to the existence SizN,
layer, the experimental multiple-colors palette shows higher color performance than that on NCD/Si

substrate, which is evident from the improved color brightness, wide color gamut (65 % of the



sRGB) and much scattered coordinates of these measured reflectance spectra in CIE 1931 color
map. The color performance strongly relies on the geometric size of diamond cuboid. As shown in
Fig. 5c, the red shift of reflectance peak is observed with the change of pixel color when the cuboid
length (L) increases from 280 nm to 505 nm at a constant 145 nm gap size. The well-matched results
between measured and simulated reflectance confirm the better performance of these fabricated
structural colors on NCD/Si;N,/Si substrate (Fig. 5d). The intensity of measured reflectance peak
reaches as high as ~ 28 % on array of symmetric diamond cuboid with length L = 305 at gap size
40 nm (Fig. S7). The influence of aspect-ratio of asymmetric diamond cuboid on coloration was
investigated on NCD/SizN,/Si substrate in Fig. S8. Dynamic multiple-colors palette is obtained
by solely varying the length Ly, at constant L, = 360 nm and obvious color-switch under X- (0°)
and Y- (90°) polarized light is realized when the length L, < 160 nm, demonstrating that the
asymmetric diamond cuboid with high aspect ratio can enhance the function of dynamic coloration.
However, the pixel color based on asymmetric diamond cuboid keeps constant when gap
size becomes very large (g > 310 nm). It is widely believed that Mie scattering predominates when
the grain dimension D fulfills the equation A/10 < D < A, where A is the wavelength of incident
light. Mie resonance occurs once the spatial dimension of nanostructure (L) is in the same scale as
the wavelength of incident light (L. = A/n, n is the refractive index) [46-48]. For the diamond
cuboid with dimension of L = 280 nm at A = 610 nm, the condition of Mie resonance is well
satisfied. The enhanced Mie resonance was further simulated on the asymmetric diamond cuboid
array (L = 280 nm, g = 145 nm) in Fig. 5d-e. Two obvious resonances corresponding to electric
dipole (ED) and magnetic dipole (MD), are clearly observed at A = 610 nm. The excited magnetic
dipole mode is stronger than the electric dipole mode due to the slightly higher refractive index of

diamond cuboid [49].
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Fig. 5 Characterization and simulation analysis of structural colors produced by symmetric diamond
cuboid (LX = Ly) nanostructures on NCD/Si;N,/Si substrate. a The bright-field optical image of

the fabricated multiple-colors palette by simultaneously varying the gap g (g =gy = gy) and



length L (L = Ly = Ly) of diamond cuboid. Each unit pixel has a size of 10 pm X 10 um. b CIE
xy chromaticity coordinates of the measured reflectance spectra of color palette according to the
designed diamond metasurface. The standard Red Green Blue (sRGB) space is present by white
triangle. ¢ Measured and simulated reflectance spectra for diamond nanostructures indicated by
dashed box in (a), where the length L varies from 280 nm to 505 nm at constant gap size g =
145 nm. d Spatial distributions of the simulated electrical field magnitude (] E|) and magnetic field
magnitude (|H|) for diamond nanostructures where the diamond cuboid with length L = 280 nm

periodically arranged at gap g = 145 nm.

Owing to the formation of polarization-dependent colors on asymmetric diamond cuboid
nanostructures, diamond metasurface shows great potential in information encryption. Structural
color based on diamond metasurface exhibits long-time durability even in harsh environments. The
presence of the randomly distributed small bump on the etched region (Light spot in Fig. 4d-e) can
serve as the physical unclonable function tag [50] and promote the function of visible scattering
[51], leading to high security and convenient authentication for practical encryption. By applying
angle-resolved polarized light sources, the encoded information can be verified with these dynamic
images. In addition, by precise control of geometrical parameters such as length, width and gap size
at nanoscale size, a multiple-colors palette based on diamond metasurface is experimentally realized.
The structural color displays relatively high color saturation and broad gamut (~ 65 % of sRGB) on
NCD/SizN,/Si substrate. The gamut of diamond metasurfaces achieved here greatly surpassed that
of metallic metasurface (45 % of sRGB) [20] but is slightly lower than that of conventional Si
metasurfaces (~ 75 % of sSRGB) [8]. At this stage, there is still plenty of room to improve the color

saturation by improving the refractive index and configuration of the diamond unit cell.

4 Conclusion

In summary, we have successfully demonstrated structural colors on diamond metasurface. By
tuning the plasma chemistry of the BEN process and optimizing the film thickness during the
growth stage a 500 nm -thick NCD film with refractive index and optical transparency
approaching that of bulk single crystal diamond was successfully synthesized and used for

fabricating nanostructured metasurfaces consisting of diamond cuboid unit. Structural colorization



was realized by tuning the length and gap sizes of the symmetric/asymmetric diamond cuboid unit.
Asymmetric diamond cuboid array with a high aspect ratio (~ 3.1) enabled polarization-dependent
response, producing dynamic colors with high resolution. By optimizing the configuration of
diamond-metasurface system, the color performance was improved with high brightness and a
relative wide gamut (~ 65 % of the sSRGB). The durability and dynamic functionalities of diamond
metasurface color could be potentially used in information encryption. However, further work is
needed to improve the color saturation, such as improving the refractive index of diamond film and

optimizing the structure of diamond metasurface.
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