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Quanxin Yang!?f, Menghan Yu'f, Zhixiang Chen3?, Siwen Ai},
Ulrich Kentsch#* Shenggiang Zhou*, Yuechen Jia®*>*, Feng Chene? and
Hongliang Liul¢7*

Controlling the construction of physical colors on the surfaces of transparent dielectric crystals is crucial for surface col-
oration and anti-counterfeiting applications. In this study, we present a novel approach to creating stable physical colors
on the surface of lithium niobate crystals by combining gold ion implantation with laser direct writing technologies. The in-
teraction between the laser, the implanted gold nanoparticles, and the crystal lattice induces permanent, localized modifi-
cations on the crystal surface. By fine-tuning the laser direct writing parameters, we reshaped the gold nanoparticles into
spheres of varying sizes on the crystal surface, resulting in the display of red, green, blue, and pale-yellow colors. We in-
vestigated the influence of the implanted Au nanoparticles—particularly their localized surface plasmon resonances—on
the modifications of the lithium niobate crystal lattice during the laser writing process using confocal Raman spec-
troscopy and high-resolution transmission electron microscopy. Our findings reveal that the embedded Au nanoparticles
play a pivotal role in altering the conventional light-matter interaction between the crystal lattice and the laser, thereby fa-
cilitating the generation of surface colors. This work opens new avenues for the development of vibrant surface colors on
transparent dielectric crystals.
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Introduction

Colors profoundly influence the way humans observe,
perceive, and understand the world. Throughout the mil-
lennia, humans have continually endeavored to repro-
duce the colors they observe using a variety of

methods'2. Until recent decades, artificial structural col-

ors have become a new focus due to their unique advan-
tages in non-toxicity, sustainability, and durability>*. Ac-
cordingly, they can have multiple functions besides deco-
ration®, such as absorbing solar energy®’, anti-counter-
feiting®’, and information encryption'®!". Up to now, ro-

bust physical colors on the surface of metal or glass have
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been achieved through laser direct writing (LDW) by
forming complex interactions between the incident light
and sophisticated nanostructures'>"’7. However, these
methods heavily depend on the material type and gener-
ally, they do not possess the adaptability on other types
of materials, especially the pure single crystals with large
bad gap and anisotropy. In addition, controlling the
complex interactions between light and nanostructures is
also challenging.

As one of the access to the stable physical color gener-
ations, laser induced metal nanoparticles is a plasmonic
color generation way due to their subwavelength dimen-
sions'®!®. Driven by their diverse chemical and physical
properties, as well as their remarkable functionalities in
photosensitivity-related applications, gold (Au) nanos-
tructures have garnered significant research attention in
recent years?22. Consequently, a variety of synthetic and
nano-processing techniques for Au nanoparticles, to-
wards applications in fields such as nano-photonics, have
been developed®. Ion implantation, a well-established
non-equilibrium process, is capable of generating a wide
range of metastable solid solutions and has been exten-
sively employed to modify the surface properties of vari-
ous materials®, including metals®®, semiconductors®,
and ceramics”. As one of the most promising tech-
niques in nanofabrication, ion implantation has been ef-
fectively utilized to synthesize noble metallic nanoparti-
cles embedded within diverse dielectric matrices, such as
glasses and crystals?®?°. These metallic nanoparticles can
behave as the excellent physical base of localized surface
plasmon resonance (LSPR) effect. The excitation of LSPR
leads to sharp spectral absorption and significant near-
field enhancements®’!, in which the resonance wave-
length is influenced mostly by the material and morphol-
ogy of nanostructures®’. Notably, intriguing applications,
such as optical modulators®, optical signal processors®,
and saturable absorbers®, of LSPR in gold nanoparticles
have been reported. However, most research on Au or
Ag ion-implanted devices has primarily concentrated on
their performance during laser propagation through the
materials. Investigations into the interactions between
lasers and hybrid ion-implanted materials during laser
direct writing on crystal surfaces remain limited>°.

LDW is a well-established and versatile technique for
fabricating integrated photonic devices’*. This mask-
less method offers significant advantages, including flexi-
bility in focusing and the ability to enable cost-effective
rapid prototyping, making it competitive with other fab-

https://doi.org/10.29026/0ea.2025.240193

rication techniques in terms of manufacturing through-
put. Superficial metallic nanoparticles created through
ion implantation significantly enhance the optical prop-
erties of functional crystals, resulting in an embedded
nanoparticle-lattice matter system®. By further com-
bined with LDW, the laser energy is transferred into this
hybrid system and significantly enhanced once LDW
wavelength matches the LSPR*™!. The integration of
these two processes into a single hybrid fabrication
procedure enables the formation of larger metallic
nanoparticles at the surface, imparting unprecedented
functionalities.

In this study, we present a novel approach to creating
robust physical colors on lithium niobate (LN) crystals
through gold ion implantation and 532 nm laser direct
writing. As one of the most widely utilized nonlinear op-
tical crystals, LN exhibits a range of remarkable proper-
ties, including exceptional electro-optic, acousto-optic,
photorefractive, piezoelectric, and ferroelectric charac-
teristics. Gold ions (Au*) with an energy of 400 keV are
implanted into the crystal surface, resulting in the gener-
ation of stable, vivid physical colors through the laser di-
rect writing process. The underlying mechanisms of this
phenomena are investigated by employing confocal u-
Raman microscopy, scanning electron microscopy
(SEM), and high-resolution transmission electron mi-
croscopy (HRTEM). This novel method towards surface
color generation in LN crystals paves the way for signifi-
cant advancements in surface coloring technologies for
crystalline materials.

Methods

Sample preparation and metal ion implantation

The LN sample used in this study was commercially ac-
quired from the Shanghai Institute of Optics and Fine
Mechanics, Chinese Academy of Sciences, Shanghai,
China. The raw crystal was cut into a cuboid shape with
dimensions of 11 mm (x) X 10 mm (y) x 1 mm (z), and
both the x x y facets were optically polished. 400 keV
Aut-ions at doses of 5 x10' jons/cm? were implanted at
Helmholtz-Zentrum Dresden-Rossendorf, Germany.
And the surface-normal was tilted by 7° with respective
to the Au* ion beam to avoid the channeling effect. The
schematic diagram of Au* ion implantation process is il-
lustrated in Fig. 1(a). According to the numerical simula-
tion results calculated by the Stopping and Range of Ions
in Matter code (SRIM-2013), the implanted Au*-ions are
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Fig. 1| (a) Schematic diagrams of ion implantation and laser-induced nanoparticle assembly. (b) The ion distribution of Au*-ions calculated by

SRIM.

expected to reside approximately 50 to 100 nm beneath
the incident sample surface, as shown in Fig. 1(b). As a
result, these Au*-ions could aggregate and synthesize Au
nanoparticles within the bulk sample, as the atomic con-
centration exceeds the solubility limit.

Laser radiation procedure

During the laser-induced assembly process of nanoparti-
cles, the laser beam generated by a continuous laser at
532 nm (Verdi G-Series, Coherent Inc., USA) propagat-
ed through an optical shutter and was then focused onto
the ion-implanted sample surface by a long-working-dis-
tance microscope objective (50 x, N.A. = 0.55), as exhib-
ited in Fig. 1(a). A continuous attenuator and several
neutral density filters were utilized to control the laser
power precisely. The crystal sample was placed on a
computer-controlled precise motorized stage (MINI Hy-
brid Hexapod, ALIO Industries, USA) and the scanning
speed was set to 2 mm/s. The actual focusing depth was 5
pm beneath the sample surface. To maintain the dyeing
uniformity, the interval of laser scanning lines was set to
be 1 um. The laser radiation process was performed at at-
mospheric pressure and room temperature.

Characterization of spectrum and nanoparticle
morphology
Traditional transmission and reflection microscope spec-
tra were gained by the same Raman spectroscopy system,
the spectral signals were intercepted and transmitted to
another spectrometer (USB2000+, Ocean Optics, USA).
The morphology characterizations of Au nanoparti-
cles were performed by SEM (FEI Co./ThermoFisher Sci-

entific Inc., USA) and HRTEM (Talos F200X, Ther-
moFisher Scientific Inc., USA). And these morphology
data were used in the subsequent numerical simulations
of the optical responses of nanoparticles. For the utilized
Finite Difference Time Domain method, the nanoparti-
cles correspond to the classical Lorentz-Drude model. By
adjusting the size and density of nanoparticles according
to the morphology data, simulated spectra could be
obtained.

The influence of ion implantation on lattice structure
was characterized by a confocal y-Raman spectroscopy
system (XperRam200, Nanobase, The Republic of
Korea). During the Raman property measurement, the
785 nm laser beam with the power of 65 mW was fo-
cused onto the implanted surface by a microscope objec-
tive (40 x, N.A. = 0.75). Then, the back-scattered Raman
signals were collected and transferred to a spectrum ana-
lyzing system with a resolution of 0.8 cm. The Galvano-
metric scanning system can support an in-plane two-di-

mensional mapping with a spatial resolution up to 100 nm.

Results and discussion

Physical color on sample surface

Due to the high doses of implanted Au*-ions, Au
nanoparticles can be spontaneously synthesized inside
the sample bulk after the ion implantation. Considering
the LSPR effect emerges at the boundary of nanoparticle
and crystal material, these Au nanoparticles can introduce
additional spectrum absorption characteristics. Typical
absorption spectrum of LSPR presents one strong ab-
sorption peak, and the corresponding wavelength is

240193-3


https://doi.org/10.29026/oea.2025.240193

Yang QX et al. Opto-Electron Adv 8, 240193 (2025)

https://doi.org/10.29026/0ea.2025.240193

related to the morphology of metallic nanoparticles, like
the diameters, the interval, and the shapes. Therefore,
specific physical color characteristics are endowed to the
LN crystal with embedded Au nanoparticles. As a local-
ized effect, LSPR can cause the enhancement of optical
field. Therefore, the energy of absorbed spectrum can be
transferred to the internal energy under the influence of
metal dielectric loss, causing the heating of nanoparti-
cles and surrounding regions. Under higher temperature,
the melting of nanoparticles and the "annealing" of sur-
rounding dielectric crystal bulk will lead to the further
assembly of Au nanoparticles. Since the physical color
characteristics are directly related to the morphology of
metallic nanoparticles, the absorption spectrum natural-
ly changes after the assembly of nanoparticles.

Here, four discrete regions were radiated by the 532
nm continuous laser beam with different optical powers
respectively. Considering the different morphology pa-

rameters of Au nanoparticles, these regions present dif-
ferent absorption spectra and different physical colors, as
shown in Fig. 2. In the following analyses, these regions
are represented by their colors as "Region. X", and the la-
bels “Pristine” and “Implanted” represents the raw LN
sample and the ion-implanted sample respectively. Obvi-
ous color differences appear in the reflection condition,
the physical colors at transmission condition are more
complex: when the used laser power is relatively low, the
transmission and the reflection colors are complemen-
tary; as the laser power increases, the transmission and
the reflection colors become similar; when the laser pow-
er is relatively high, the transmission color turns into
white due to the precipitation of nanoparticles and the
recovery of crystal lattice. Under this high-energy situa-
tion, the modifications on nanoparticles and crystal lat-
tice are saturated, further increment of laser power caus-
es few influences on the present pale-yellow color. The

Region.R
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30 um Reflection e
200
4 ol n Implanted
1801 Implanted Region.R
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Fig. 2 | The (a) reflection and (b) transmission microscope images of the Au nanoparticles assembly regions with different laser processing ener-
gies. (c, d) Corresponding relative microscope spectra. Utilized laser powers for Regions. R, B, G, Y are 17, 29, 53 and 68 mW, respectively.
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slight color uniformity is caused by the overlapping of
laser scanning trace. Note that the relative microscope
spectrum data exhibited here are all normalized accord-
ing to the corresponding spectrum data of pristine LN
crystal sample to eliminate the spectral influence of sam-
ple itself, therefore, the spectrum intensity can exceed
100% partially. It should be noticed that, the collective
LSPR effect becomes a distribution according to wave-
length considering the distributions of diameter and in-
terval of the nanoparticles. In this sense, the actual reflec-
tion spectra should be a wide-valley shape instead of the
uniform morphology corresponding narrow-linewidth
shape. Colors are generated based on such wide-range
absorption; thus, the final colors are affected mostly by
the spectrum distributions instead of the peak positions
(valley in this situation).

The LSPR effect of Au nanoparticles with different
morphologies can induce the wide-range absorption in
spectrum, resulting in the transmittance reduction in the
ion-implanted area. Thus, the laser-unprocessed sample
looks darker than the pristine lithium niobate crystal,
which can be clearly seen in Fig. 2(b). Due to the spec-
tral distribution of LSPR effect, there will be slight dye-
ing in this area. However, such dyeing is negligible com-
pared to the colors of laser-processed regions. In this
sense, this phenomenon presents no ability to influent
the color performance of laser-processed regions.

In this way, specific patterns can be printed onto the
ion-implanted sample surface utilizing typical laser di-
rect writing procedure. Here, patterns of letter "NKU"
(Nankai University) and the crosshatching with differ-
ent colors were printed as an example, as exhibited in
Fig. 3.

It can be observed in Fig. 3(c) that, when the laser-
processed region suffers laser irradiation again, embed-
ded Au nanoparticles will repeat the aggregating and
synthesizing process, resulting in the changes in
nanoparticle morphologies. Therefore, the final color de-
pends on the nanoparticle morphology, which depends
on the laser processing parameters of each experiment.
As for the single processing mode, these physical colors
present high reproducibility and tolerance on experi-
mental parameters compared to other coloring methods:
floating laser powers around the typical value (~ +10%)
for the formation of specific color can induce nearly
unanimous colors. From another perspective, such high
tolerance limits the color diversity and specific colors of
red, blue, green, and pale-yellow with typical HEX val-

https://doi.org/10.29026/0ea.2025.240193

ues of 944758, 4d7b90, 4ea07b, and 72b074 can form.
However, by integrating the subpixel rendering method,
these physical colors (especially the red, blue, and green
colors) can work as tricolor, and the attainable color

gamut can be significantly expanded.

Fig. 3 | The reflection microscope images of (a, b) “NKU” and (c)
crosshatching patterned Au nanoparticles assembly regions. Utilized
laser powers: (a) patterns “N”, “K”, “U” are 17, 53 and 68 mW, re-
spectively; (b) patterns “N”, “K”, “U” are 68, 53 and 17 mW, respec-
tively; (c) horizontal stripes from top to bottom are 6, 12, 15, 19 and
60 mW, respectively; vertical stripes from left to right are 17, 29, 53,
68 and 80 mW.

In addition, these physical colors are formed based on
the LSPR effect of embedded Au nanoparticles, which
are well-protected by the lithium niobate crystal lattice
structure. Therefore, the colors are very stable. The sam-
ple has been immersed in anhydrous ethanol for ultra-
sonic bath, wiped forcefully by cotton swab, and stored
at room temperature for more than 6 months, there are

still no variations on these colors.

Nanoparticle morphology and LSPR spectroscopy

Considering the decisive influence of Au nanoparticle
morphology on physical color, performing direct obser-
vation of nanoparticles should be a necessary option.
Therefore, top-view SEM and side-face HRTEM mea-
surements on the laser-processed surface were realized
respectively, as shown in Fig. 4. As the laser processing
energy increases, larger Au nanoparticles will form and
precipitate through the ion-implanted sample surface,
remaining amorphous Au element and nanoparticles
with smaller size. The evolution rules of these remained
Au nanoparticles under different laser processing
energies are quite complex, and typical morphology pa-
rameters of these nanoparticles in different laser-pro-
cessed regions are listed in Table 1. During the forma-
tion of Au nanoparticles, the Au*-ions implanted lithi-
um niobite materials are in the status of amorphous,

240193-5
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Fig. 4 | (a—c) Surface SEM images and (d, e) corresponding cross-sectional HRTEM images of the Au nanoparticles assembly regions. Utilized
laser powers: (a, d) 17 mW; (b, e) 29 mW; (c, f) 53 mW, respectively.

Table 1 | Laser powers, reflection colors, resonance wavelengths and typical nanoparticle morphology parameters of the bulk material, ion-im-
planted surface and laser-processed regions.

Region Laser power Color Resonance wavelength Typical diameter of Typical interval of
(mW) (reflection) (reflection) nanoparticles (nm) nanoparticles (nm)
Pristine 0 / / / /
Implanted 0 / 548.37 1.7 25
Region. R 17 Red 573.25 3.7 17
Region. B 29 Blue 549.44 2.3 25
Region. G 53] Green 572.19 25 20
Region. Y 68 Pale-yellow 548.95 2 25

then nanocrystalline, and monocrystal as there no Au*-
ions exist in the sedimentary area. It should be noted that
the white spots in SEM images and the largest-size
spheres are all precipitated Au nanoparticles, and since
their morphology parameters do not meet LSPR require-
ments, these nanoparticles make no contribution to the
physical color. Instead, the remaining smaller Au
nanoparticles dominate the LSPR effect and decide the
physical color. Detailed colors, experimental laser pow-
ers, and corresponding nanoparticle morphology param-
eters are listed in Table 1.

Using the Au nanoparticle morphology parameters
generalized from Fig. 4, LSPR effect and corresponding
resonance peak (valley in this situation) could be numer-
ically calculated and illustrated as the relative reflection
spectra in Fig. 5(a). Simultaneously, the relative electric
field intensity distribution of LSPR example is shown in
Fig. 5(b). The nanoparticle morphology parameters list-
ed in Table 1 are gained according to the distribution

mode of HRTEM data. The resonance wavelengths of
corresponding numerical calculations are in accordance
with the experimental results. However, considering the
morphology distribution of Au nanoparticles, the actual
reflection spectra should be a collective LSPR effect of
these nanoparticles. Such spectrum should be the combi-
nation of these LSPR spectra instead of single numerical
calculation result under specific nanoparticle morpholo-
gy parameter. An example is given by a simple linear
mathematical operation of these numerical relative re-
flection spectra, in which the spectral line profile is simi-

lar to the experimental reflection spectra in Fig. 2.

Lattice dynamics

Particular lattice structure corresponds to specific Ra-
man spectrum, thus the lattice dynamics can be revealed
by the differences of Raman phonon modes*. Under R3¢
space group, the Raman phonon modes of LN at room
temperature can be described by the irreducible
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Fig. 5 | (a) Numerical calculations of the relative reflection spectra using the nanoparticle morphology parameters in Table 1. (b) The electric field
intensity distribution under LSPR situation (resonance wavelength 573 nm, nanoparticle diameter 3.7 nm, nanoparticle interval 17 nm).

representations 5A; + 5A; + 10E, as the Group Theory
predicts. The absolute-intensity Raman spectra of raw
material, ion-implanted sample, and the laser-processed
regions are illustrated in Fig. 6(a), corresponding
phonon symmetries and branches are marked around
the Raman peak. Obvious intensity differences can
demonstrate the changes of lattice deformation and
damage: raw material presents largest spectrum intensi-
ty; strong quenching after the ion implantation has hap-

pened because of the strong lattice damage caused by the

ion-bulk interaction and the formation of Au nanoparti-
cles; and after the laser radiation, such lattice damage will
partially recovery since the Au nanoparticles can further
aggregate, resulting in the spectrum intensity recovery at
the same time. Similarly, samples with higher lattice
damage generally present higher baseline intensity,
therefore, corresponding relative intensities of the
phonon modes are lower simultaneously. In this sense,
different absolute spectrum intensities with different

laser radiation powers can be ascribed to the different
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Fig. 6 | Raman spectroscopy analysis. (a) Raman spectra of the bulk material, ion-implanted surface and laser-processed regions. (b) Two-di-
mensional Raman mapping images of the pattern in Fig. 3(b) with the imaging channels of E(TO7) peak FWHM and intensity. Utilized laser pow-
ers for patterns “N”, “K”, “U” are 68, 53 and 17 mW, respectively. (c—f) E(TOs)-A1(LO2) double-peak Raman fitting curves of the bulk material, ion-
implanted surface and laser-processed regions. Utilized laser powers for Regions. B and Y are 29 and 68 mW, respectively. (g) E(TO7) peak
FWHM and (h) E(TOs)-A1(LO2) double-peak relative intensity differences of the bulk material, ion-implanted surface and laser-processed regions.
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aggregating progresses of Au nanoparticles. Two-dimen-
sional Raman property mapping results of the inferior
"NKU" pattern shown in Fig. 3(b) indicate similar con-
clusions on intensity change. The peak width (defined as
the full width at half maximum, FWHM) channel image
also suggests the recovery of lattice damage after laser ra-
diation, as exhibited in Fig. 6(b).

Since typical Raman phonon mode corresponds to
specific lattice vibration mode, the changes on peak in-
tensity and FWHM can be used to determine the lattice
deformation and damage quantitatively. However, over-
lapping of adjacent Raman peaks will severely affect the
analyses of Raman phonon mode differences, especially
for the double-peak situation. Therefore, in the sense of
spectroscopy, using numerical models to fit the raw spec-
trum data provides higher accuracy®. Here, the damped
harmonic oscillator model is sufficient for the descrip-
tion of simple phonon peaks:

AT w?

I(w) = Z (a)2 _ a)~2)2 + a)ZI’,Z’

where Aj, w;, and I are the intensity, the frequency, and
the damping constant of the ith Raman mode, respec-
tively. Typical Raman modes were selected and fitted for
further analysis: the E(TOs) and A;(LO,) double-peak at
~320 cm, the highest single E(TO7) peak at 426 cm™},
and the fitting diagrams of E(TOs)-A;(LO;) double-peak
under different laser-processed regions are illustrated in
Fig. 6(c-1).

Then, detailed Raman spectroscopy analyses based on
the spectrum data of E(TO;) single peak and E(TOs)-
A;(LO3) double-peak have been analyzed. Correspond-
ing FWHM or relative intensity data are collected and il-
lustrated in Fig. 6(g, h). Considering wider FWHM rep-
resents more intense lattice damage, the FWHM changes
of the E(TO;) peak exhibited in Fig. 6(g) indicate such
conclusion: before the ion implantation process, the LN
sample keeps pure lattice structure without any obvious
lattice damage or deformation; the ion-matter interac-
tion during the ion implantation and the formed metal-
lic nanoparticles can introduce lattice damage and defor-
mation into the pure lattice structure; after laser process-
ing with relatively low energy, the assembly of Au
nanoparticles can cause the change of nanoparticle mor-
phology, resulting in the formation of new Au nanopar-
ticles with larger size. Such embedded large metallic
nanoparticles can induce relatively strong lattice damage.
As the used laser energy increases, larger Au nanoparti-

cles can form inside the LN sample. At the same time,
more intensive extrusion effect from the surrounding lat-
tice structure can cause the directional movement of
large nanoparticles toward the sample surface. Finally,
the precipitation of large Au nanoparticles will happen,
remaining small nanoparticles and amorphous Au
element.

The relative intensity differences of E(TOs5)-A;(LO,)
double-peak on different laser-processed regions shown
in Fig. 6(h) demonstrate similar results. Compared to the
transverse optical phonon mode, longitudinal optical
phonon mode is more susceptible to the influence of
long-range order, thus, lattice deformation can cause
more severe activity reduction. The relative intensity
changes of E(TOs5)-A;(LO,) (defined as intensity ratio
A1(LO)/E(TOs)) under different laser processing ener-
gies present similar trends, which indicates that the
physical mechanisms of lattice deformation and lattice
damage are homologous. It should be noticed that such
changes on peak intensity and FWHM occurs at almost
all Raman phonon modes, which suggests the lattice de-
formation and damage induced by the embedded metal-
lic nanoparticles are relatively uniform.

Conclusions

In summary, we have demonstrated a novel method for
generating stable and vivid physical colors on the sur-
face of LN crystals using the combination of metallic ion
implantation and LDW technologies. Through the inter-
action of the laser with Au nanoparticles and the crystal
lattice, permanent and localized modifications are intro-
duced into the crystal surface. Simultaneous morpholo-
gy changes of Au nanoparticles can cause the shift of
LSPR peak, resulting in the different physical colors: red,
green, blue, and pale-yellow by adjusting the LDW pa-
rameters. Confocal Raman spectroscopy, SEM and
HRTEM analyses reveal that the embedded Au nanopar-
ticles altered the light-matter interaction system between
the crystal lattices and the lasers, contributing to the gen-
eration of surface colors. This study reveals new possibil-
ities for developing vibrant surface colors on crystalline
materials, with potential applications in surface coloring
and anti-counterfeiting technologies.
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