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The science of light–matter interaction is one of the greatest accomplishment of the past 100 years.
The materials that perform useful operations by collecting light or generate light from an outside
stimulus are at the center of a multitude of technologies that has permeated our daily life. Everyday we
rely on quantum well laser for our telecommunication, organic light emitting diode for our displays,
complementary metal–oxide–semiconductor for our camera detectors, and of course a plethora of new
photovoltaic cells that harvest the sunlight to satisfy our energy need.

When editing this Special Issue of Materials on photoactive materials, I envision collecting articles
that covers a large area from photonics, to plasmonic and holography. I wanted to showcase articles
that not only demonstrated new chemical synthesis, but also gave the readers a fresh view on recent
applications and technologies. I was extremely pleased by how well this call for paper was received by
the community, as this Special Issue presents 11 original articles and one review, all of very high quality.

In Jung et al. [1], the authors present the synthesis of hexagonal boron nitride semiconductor doped
with cerium ions. Their experiment shows how the aneling of the material impacts its fluorescence
emission under UV lamp. The deep blue emission intensity was dramatically enhanced when the
re-heating temperature was increased. Among other uses, this material can find application as an
anti-counterfeiting ink since the marking can only be identified under UV light.

The magneto-optic effect can be used for the detection of biologic phenomena such as heart beat or
brain activity. Because the field generated by these events are extremely small, synthesizing materials
with a large Verdet coefficient is of major importance. This importance is demonstrated by the inclusion
of three articles relevant to this topic in this Special Issue [2–4].

In their manuscript, Kotov et al. [2], investigated for the first time the effects of the presence of a
thin protective Bi2O3 layers on the magneto-optic properties of ultrathin highly bismuth-substituted
dysprosium iron garnet layers. Their results showed a 2.7 times signal improvement with the protective
oxide layer than without it.

Zhao and Li [3] took a different approach by doping sodium iron hexafluoride (Na3FeF6)
particles with monodispersed terbium ions (Tb3+). The synthesis was obtained by a relatively easy
hydrothermal process. When measuring the magnetization according to the temperature and the
external magnetic field, the authors confirmed that the Na3FeF6 : Tb particles were paramagnetic with
a high magnetic moment.

By contrast, Ikesue et al. [4] investigated for the first time the magneto optical properties of a
high-quality Bixbyite ceramics structure. They found out that the performances of these ceramics were
far superior to those of commercial TGG (Tb3Ga5O12) crystal, which is regarded as one of the highest
class of Faraday rotator material. In particular, the Verdet constant of Tb2O3 (when x = 1.0) ceramic was
the largest with value up to 154 rad T−1 m−1, in the wavelength range of 633 to 1064 nm. In addition,
the laser damage threshold of this ceramic was 18 J/cm2, which is 1.8 times larger than that of TGG.

In their paper, Srinoi et al. [5], present the successful synthesis of hollow gold–silver nanoshells
coated with silica shells of varying thicknesses. This was achieved by tuning the concentration
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of (3-aminopropyl)trimethoxysilane and sodium silicate solutions. More importantly, the authors
demonstrated that none of the SiO2 shells had detrimental effects on the localized surface plasmon
resonance peak of the gold–silver nanoshells. This result is promising for the use of that type of
material in plasmon-enhanced photocatalytic applications such as water-splitting reaction to directly
convert sunlight into hydrogen and oxygen gases.

In a second paper regarding the optical properties of nano-particles [6], Hurtado-Aviles et al.
studied the influence of an ultrasonic stimulus on the plasmonic resonance of Au–Pt nano-particles
in an ethanol suspension. The presence of the ultrasonic waves in the suspension prevented any
agglomerations of the nano-particles, and it was found that the light absorption associated with surface
plasmon resonance was modified by the presence of the ultrasonic wave. Ultrasound interactions
together to nonlinear optical phenomena in nanofluids is a promising field for applications ranging
from the modulating quantum signals to use as sensors and as acousto-optic devices.

Heavy metal elements such as lead, arsenic and mercury are highly toxic for vertebrae, including
human beings. Their detection in sub ppm concentration is extremely important to guarantee food
and water safety. In Kurshano et al. [7], authors are considering an optical method for detecting
heavy metal ions using colloidal luminescent semiconductor quantum dots. The authors combined
the magnetic properties of Fe3O4 together with the photoluminescent properties of quantum dots of
AgInS2/ZnS to detect metal ion concentration down to 0.01 pmm by measuring the quenching of the
photoluminescence of their sensor.

Lembrikov, Ianetz, and Ben-Ezra are presenting a theoretical study of the nonlinear optical
phenomena in a silicon waveguide with a smectic A liquid crystals (SLAC) core [8]. Authors have
calculated the TM and TE modes in such a strongly anisotropic waveguide and have shown that
the nonlinearity is related to the smectic layer normal displacement. They found that this effect is
especially strong for the counter-propagating TM modes. By evaluating the pumping and signal TM
mode slowly varying amplitudes and phases, they showed that the gain has a maximum value in the
resonant case when the TM mode frequency difference is equal to the second sound frequency.

Scratch resistant coating would be of great advantage for optoelectronic components. In their
study [9], Lazauskas et al. investigated the properties of transparent photopolymerizable thiol-ene
coatings. These coatings exhibited high optical transparency and shape-memory that assisted
scratch-healing properties. The total strain recovery ratio for the polymer were found to be up to
97% after thermal treatment. The crosslinked polymer network was also capable of initiating scratch
recovery at ambient temperature.

Three articles are covering the field of holography. In Kinashi et al., the dynamic holographic
recording in azo-carbazole doped polyester resin is investigated [10]. The dye-doped resin film
exhibited a diffraction efficiency up to 0.23% and a response time of 5.9 s when illuminated with
laser light. The dyeing process presented in the article is using aqueous solutions and offers some
potential advantage for the fabrication of large-sized holographic devices as well as the manufacturing
of photonic devices based on any polymer film containing organic dye.

In Blanche, Mahamat, and Buoye [11], the authors have measured some of the thermal properties
of Bayfol HX200 photopolymer. This photopolymer is used as an holographic material in a variety of
applications and it is important to understand the impact of temperature on the optical properties of
the material. Authors found that the material as well as the hologram recorded within can sustain
temperature up to 160 ◦C. A linear coefficient of thermal expansion (CTE) of 384 × 10−6 K−1 was
calculated by measuring the spectral shift of a reflection hologram depending on temperature. This
shows how temperature can dramatically affect the spectral response of holograms and how these
measurements can be used to predict their behavior.

Finally, Oggioni et al. are presenting a review of holography using photochromic materials
and, more specifically, diarylethenes dyes [12]. This re-writable class of material shows the complex
modulation of their refractive index, meaning they are suitable for both amplitude and phase holograms.
In addition, they and are self developing since they do not require any post processing treatment to
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obtain the final hologram. A combination of a kinetic model and experimental UV-vis data made
possible the development of a computational tool to predict and optimize the performances of the
material. The recording of both binary and grayscales holograms are presented using either a mask
approach or the use of a DMD chip for direct laser writing.

I would like to thank all the authors that participated in this Special Issue, as well as the people I
interacted with at MDPI for their help with the editorial process.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Hexagonal boron nitride was synthesized by pyrolysis using boric acid and melamine.
At this time, to impart luminescence, rare earth cerium ions were added to synthesize hexagonal
boron nitride nanophosphor particles exhibiting deep blue emission. To investigate the changes
in crystallinity and luminescence according to the re-heating temperature, samples which had
been subjected to pyrolysis at 900 ◦C were subjected to re-heating from 1100 ◦C to 1400 ◦C.
Crystallinity and luminescence were enhanced according to changes in the reheating temperature.
The synthesized cerium ion-doped hexagonal boron nitride nanoparticle phosphor was applied to
the anti-counterfeiting field to prepare an ink that can only be identified under UV light.

Keywords: hexagonal boron nitride; photoluminescence; cerium; anti-counterfeiting; crystals

1. Introduction

Hexagonal boron nitride (h-BN) is an important material with excellent properties, such as a wide
band gap (4.4~6.0 eV), high electrical insulation, low dielectric constant, high temperature stability and
large-scale oxidation cross-sectional area, and thermal neutrons [1–3]. All these features have made
h-BN a promising material in the aviation industry. Moreover, it has many uses in microelectronic
mechanical systems (MEMs), biomedicine, fireproofing, laser devices, solid-state neutron detectors,
lubricants and electrical insulators [4–6]. Among the features of h-BN that make it suitable for such
varied uses, the wide band gap allows it to be used in applications that require a material with unique
luminescence characteristics.

Since the first observation of intense far-ultraviolet (UV) excitation emission, the unique optical
and fluorescent properties of h-BN have attracted special attention in the past ten years, making this
material a candidate for new light-emitting devices, and it is expected to be used as a future material for
photovoltaic applications [7–9]. In addition, the band gap energy of h-BN can be adjusted by designing a
super lattice, doping, recombination of organic functional groups and surface functionalization. Doping
with rare earth (RE) ions is the most widely known method of tuning the band gap energy of h-BN.
Continued interest in rare earth-doped nitride-based materials appears to be increasing, especially
for h-BN, partly because of the discovery that the thermal quenching of luminescence decreases
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as the bandgap of the host materials increases [10,11]. In particular, metal nitrides or oxynitrides
containing activator ions are often used as color-converting phosphors for white light-emitting diodes
(wLEDs), because they have excellent visible light emission and less thermal quenching. However,
most nitride-based host materials used in phosphors are ternary or quaternary nitride semiconductors.
Binary nitride semiconductors, such as aluminum nitride (AlN), gallium nitride (GaN) and BN are
rarely used as host materials for luminescent activators [12–14]. Steckl et al. proposed a diode that
emits green light in the visible region by doping erbium ions using GaN as a host material [15]. In
a study by Jadwisienczak et al., AlN thin film doped with terbium ions by sputtering was grown
on a silicon wafer and a light-emitting device in the visible region was produced by a re-heating
process [16]. Kim et al. investigated the changes in the luminescence of deep blue with various doping
concentrations of cerium ions using h-BN as a host [17]. Mauro et al. described the optical properties
of dilute semiconductor materials by presenting a set of highly efficient analytical equations that focus
on the evolution of the peak luminescence gain with temperature and the relationship to sample
quality [18].

In this study, the crystallinity and luminescence properties of cerium ion-doped hexagonal boron
nitride (h-BN) according to the change of reheating temperature were investigated by X-ray diffraction,
transmission electron microscopy, Raman spectroscopy, photoluminescence and photoluminescence
excitation analysis.

2. Materials and Methods

2.1. Synthesis of Hexagonal Boron Nitride Nanophosphor Doped with Ce3+

The experimental procedure is schematically shown in Figure 1. Hexagonal boron nitride
nanophosphors were synthesized from boric acid (H3BO3, Sigma-Aldrich, St. Louis, MO, USA, ≥98.5%)
and melamine (C3H6N6, Sigma-Aldrich, 99%). First, 7 mmol of H3BO3 and 1 mmol of C3H6N6 were
dissolved in 150 mL deionized (D.I) water. Cerium 0.05 mmol was also incorporated by dissolution
of cerium nitrate (Ce(NO3)3·6H2O, Sigma-Aldrich, St. Louis, MO, USA, 99.999%). These materials
were completely dissolved in D.I water, evaporated at 120 ◦C while stirring at 500 rpm to obtain the
precursor, and then dried at 80 ◦C for 24 h. The dried precursor underwent pyrolysis in an alumina
tubular furnace (AJEON FURNACE, Namyangju, Korea) at 900 ◦C under nitrogen atmosphere. After
heat treatment, the sample was rinsed with D.I water to remove any remaining unreacted material.
When the powder was collected by agglomeration in the direction of gravity using a centrifuge,
the solution was discarded, and the recovered powder specimen was dried at 80 ◦C for 12 h. The
samples of h-BN synthesized at 900 ◦C were subjected to re-heating at 1100, 1200, 1300 and 1400 ◦C for
2 h under nitrogen atmosphere to investigate their crystallinity and luminescence in relation to the
tempering temperature.

Figure 1. Schematic of preparation of the Ce3+-doped h-BN nanophosphors.

2.2. Characterization of h-BN Nanophosphors

X-ray powder diffraction (XRD, Rigaku, Ultima IV, Tokyo, Japan) analysis was performed to
investigate the crystallinity of the samples in relation to various temperatures with Cu-Kα radiation
(0.15406 nm) generated at 40 kV and 20 mA. The measurement range was performed from 20 to 80 ◦C
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and the step scan was performed for 4 s at 0.02 degree intervals. Raman spectra were recorded using a
dispersive Raman spectrometer (LabRam-HR 800, Horiba Jobin-Yvon, Longjumeau, France) equipped
with a microscope and a 522-nm laser as the excitation source. In addition, the specimen was made
into a 1 mm × 1 mm cylindrical pellet and measured in the range of 700 to 2300 after focusing at
1800 gv magnification and focus using the E2g mode of the optical lens. The photoluminescence (PL)
of the samples was measured and photoluminescence excitation spectroscopy (PLE) was conducted
with a fluorescence spectrometer (FP-6500, JASCO, Tokyo, Japan) equipped with a xenon (Xe) flash
lamp. At this time, the supplied energy of the spectral lamp was measured with 200 photomultiplier
tube modules (PMT). The PL measurement range was from 250 to 800 nm, and the PLE was from 200
to 550 nm. The morphology and crystallinity of the nanophosphors were observed by transmission
electron microscopy (TEM, JEM 2100F, JEOL, Tokyo, Japan). The element distribution was analyzed
by energy dispersive X-ray spectroscopy (EDX, X-Max 150, Oxford Instruments, Abingdon, UK) to
confirm the presence of rare earths in the samples. The resolution was about 129 eV and the analysis
time was X-ray exposure for 2 min for each specimen. At this time, the components were compared
with B, N, Ce and C for the component detection analysis of the synthesized parent and the doped
material. Spectrometry (V-570, JASCO, Tokyo, Japan) was conducted to investigate the transmittance
of the bare glass and thin film-coated glass substrate. The analysis range was from 250 to 800 nm, and
analysis was performed using an integrating sphere.

2.3. Applied Anti-Counterfeiting and Fingerprinting

Anti-counterfeiting inks prepared using Ce3+-doped h-BN nanophosphors 1 wt% were dispersed
in an aqueous solution containing 10 wt% of polyvinylpyrrolidone (PVP, M.W. = 14,000). The solution
was spin coated on glass at 2000 rpm and banknotes were painted with a brush and then dried at
80 ◦C for an hour. The thin film coated on glass was photographed under UV light. Fingerprints
were marked on glass substrates. Then Ce3+-doped h-BN nanophosphor powders were applied to
the glass substrate surface and latent fingerprints on the surfaces were carefully wiped off. The latent
fingerprints coated with the nanophosphors were developed using a UV lamp, and the appearance of
the fingerprints was confirmed by photography.

3. Results and Discussion

3.1. Crystallinity and Morphology of Ce3+-Doped h-BN Nanophosphors

Ce3+-doped h-BN nanophosphors were synthesized by pyrolysis of a precursor in the form of a
chemical compound prepared from boric acid, melamine and cerium nitrate at 900 ◦C under a nitrogen
atmosphere. The samples were re-heated at 1100, 1200, 1300 and 1400 ◦C and their crystallinity was
investigated by analysis of their XRD patterns as shown in Figure 2a. In all of the synthesized samples,
the peak of the (002) phase matched the Joint Committee on Powder Diffraction Standards (JCPDS
34-0421) and the main diffraction peak of hexagonal boron nitride crystalline was observed in the XRD
patterns. In the case of the sample synthesized at 900 ◦C, the shape of the (002) phase, which was
the main diffraction peak, was slightly broad and showed a relatively weak signal. However, as the
re-heating temperature increased, the XRD signal of the main diffraction peak (002) phase changed
strongly and clearly. These changes were not the perfect form of h-BN for a sample synthesized at a
relatively low temperature. Rather, the formed phase was turbo-stratic boron nitride (t-BN), which has
the same crystal structure as h-BN but has hexagonal layers stacked and randomly rotated along the
c-axis identified [19]. As the re-heating temperature was increased, the profiles of the diffraction peaks
became clearer and their full width at half maximum (FWHM) narrowed (Figure 2b, black symbol); i.e.,
the crystallinity of t-BN formed by the pyrolysis of the sample synthesized at 900 ◦C improved as the
re-heating temperature increased. The interplanar spacing of the (002) peak in the diffraction patterns
of the Ce3+-doped h-BN nanophosphors gradually increased as the re-heating temperature increased.
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The FWHM of the samples decreased (Figure 2b, black symbol) and the interplanar spacing of the (002)
phase increased (Figure 2b, red symbol).

 

−1

Figure 2. (a) X-ray powder diffraction (XRD) patterns, (b) full width at half maximum (FWHM) and
interplanar spacing of (002) phase according to 900, 1100, 1200, 1300 and 1400 ◦C temperatures.

Increased interplanar spacing and decreased FWHM of (002) peaks are commonly found during
crystallization of h-BN [20]. We can see that the crystallinity of h-BN is improved with increased re-heating
temperature. For these assumptions to be valid, Raman analysis expressed as the lattice frequency of
an intrinsic constant was performed, and the results are shown in Figure 3. The Ce3+-doped h-BN
nanophosphors’ position converts the E2g mode near 1363 cm−1 of Raman spectra to low frequencies.
Because the frequency of the Raman spectrum mode is inversely proportional to the square root of the
constituent atomic mass [21], the transition to the lower frequency of the Raman spectrum means that
heavy Ce atoms are incorporated into the BN lattice of light elements.

 −1

Figure 3. (a) Raman shift, (b) change of integrated and FWHM (inset) of Raman shift according to 900,
1100, 1200, 1300 and 1400 ◦C temperatures.

In addition, according to the re-heating temperature, the increased integrated area and decreased
FWHM of the Raman shift indicate enhanced crystallinity, which is consistent with the XRD data. In the
case of the specimen pyrolyzed at 900 ◦C and reheated at 1100 ◦C, Raman signals were hardly observed.
However, when the reheating temperature was increased to 1200 ◦C or higher, the broad Raman
signal strength became stronger and a distinct and strong Raman signal was observed at 1400 ◦C. This
tendency is thought to be a result of the increase in crystallinity with increased reheating temperature.

Transmission electron microscopy was performed to observe the shape and morphology of the
synthesized Ce3+-doped h-BN nanophosphors as shown in Figure 4. Figure 4a shows a sample
pyrolyzed at 900 °C and the shape of the nanoparticles is unclear. When the lattice constant (0.332 nm)
was profiled with high-resolution, it was found to be close to the XRD result. In addition, carbon was
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observed (Figure 4c) throughout the sample; this was unreacted and unburned material residue due
to the relatively low heat-treatment temperature. However, the sample synthesized at 900 ◦C and
re-heated at 1400 ◦C showed enhanced crystallinity according to the XRD results and showed a distinct
elliptical plate shape of about 20-nm in the TEM image. The lattice constant d(002) observed with
high-resolution also decreased (0.334 nm) from the XRD data, and components of B, N and Ce were
detected by EDX analysis (Figure 4d), confirming that Ce ions were doped in the h-BN lattice. The XRD
and TEM results showed that, as the re-heating temperature increased, the enhanced crystallinity and
the size of the particles increased [22]. It is thought to be an important process for synthesizing h-BN.

 

Figure 4. (a) Transmission electron microscopy (TEM) image of pyrolysis at 900 ◦C of Ce3+-dope h-BN
nanophosphors (inset up; high-resolution, inset down; line profile), (b) TEM image of re-heating at
1400 ◦C of Ce3+-dope h-BN nanophosphors (inset up; high-resolution, inset down; line profile), (c) TEM
image of observed remain carbon in pyrolysis at 900 ◦C and (d) X-ray spectroscopy (EDX) data of
pyrolysis at different tempering temperatures (element identification: B, C, O, N and Ce).

3.2. Luminescence of Ce3+-Doped h-BN Nanophosphors

Figure 5 shows the changes in luminescence according to the re-heating temperature of the
Ce3+-doped h-BN synthesized at 900 ◦C. When the excitation wavelength was controlled at 304 nm,
the photoluminescence (PL) wavelength showed deep-blue emission at 396 nm. The PL intensity was
enhanced remarkably as the re-heating temperature increased as shown in Figure 5b. The increase in the
PL intensity of the sample with increased re-heating temperature may be attributed to the substitutional
incorporation of luminescent Ce3+ ions into the enhanced crystallinity lattice, as revealed in the
previous section. The photoluminescence excitation (PLE) spectra of Ce3+-doped h-BN nanophosphors
irradiated for emission at 396 nm showed an asymmetric curve centered at 304 nm. This is actually a
mirror image of the PL spectra. This has been reported for organic dyes in the emission spectra [23].
Mirror symmetry is usually found for defect centers with weak Jahn-Teller interactions [24], which can
be attributed to the substitution of Ce3+ ions for B atoms in the hexagonal boron nitride framework, as
shown in Raman spectroscopy. The broad PL spectrum of cerium-doped nitride materials is usually
attributed to the 4f-5d excitation of Ce3+ ions [25].
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Figure 5. (a) Photoluminescence excitation (PLE) and photoluminescence (PL) spectra and (b) integrated
PL intensity of Ce3+-doped h-BN nanophosphors in relation to re-heating temperatures of 900, 1100,
1200, 1300 and 1400 ◦C.

Because 5d electrons contribute to chemical bonds, the PL intensity and emission band are highly
dependent on the chemical environment surrounding the Ce3+ ions [26]. As a result, the PL spectrum
was highly dependent on the crystallinity of the host material. Interestingly, further increase in the
re-heating temperature enhanced the crystallinity of Ce3+-doped h-BN nanophosphors.

3.3. Anti-Counterfeiting Application of Ce3+-Doped h-BN Nanophosphors

The large intrinsic bandgap (≥5 eV) of BN and the plate-like particle shape allow rare earth-doped
boron nitride to be deposited as transparent phosphors on a flat surface. Figure 6a shows a Ce3+-doped
h-BN nanophosphors thin film deposited on a glass substrate.

 

λ λ λ λ

Figure 6. (a) Transmittance of Ce3+-doped h-BN nanophosphors coated on glass and (b) images of
Ce3+-doped h-BN nanophosphors fingerprinting development on glass substrate (up) and painted on
Korean bank notes (down); used samples were re-heated at 1400 ◦C.

The transmittance of the glass substrate decreased slightly after coating with the phosphor thin film
with a colloidal solution of Ce3+-doped h-BN nanophosphors. In daylight, it was difficult to distinguish
between the bare glass and the phosphor-coated glass with the naked eye due to the transparency of
the phosphor thin film. However, when irradiated with UV light, strong blue light emission can be
seen from the phosphor film. The images of fingerprinting development are shown in the upper part
of Figure 6b. The bare, donor and powdered images used Ce3+-doped h-BN nanophosphors re-heated
at 1400 ◦C. The emission image was taken under UV light. The fingerprint was obtained from a person
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whose fingerprint has a whorl loop. The bare image was blurred in daylight. The powdered images
produced by using prepared nanophosphors were eye-catching, because these particles were attached
to the moisture component of the fingerprint. Under UV light, the blue emission confirmed that the
contrast and resolution of the fingerprint had been improved. A Ce3+-doped h-BN nanophosphor
colloidal solution was painted on a Korean bank note surface as shown in the lower images in Figure 6b.
In daylight, it is difficult to distinguish between bare bank notes and those coated with the phosphor
thin film. However, the phosphor-coated bank notes showed an intense blue emission text ‘Silla’ and
label under UV light. Due to its light transmission and visible light emission under UV irradiation,
this is hidden under normal conditions and can be recognized by the naked eye under UV radiation.
Labels and text composed of h-BN based nanophosphors can be effectively hidden in daylight but can
be easily identified under UV light, which is essential for a variety of anti-counterfeiting applications.

4. Conclusions

Hexagonal boron nitride doped with cerium ions was successfully synthesized by pyrolysis and
re-heating of the precursor prepared from a chemical mixture of boric acid, melamine and cerium
nitrate. Deep blue emission was detected at 396 nm under excitation with 304 nm from Ce3+-doped
h-BN nanophosphors. The deep blue emission intensity was notably enhanced by increasing re-heating
temperature. Increased re-heating temperature resulted in improved crystallinity and luminescence. It
also affected particle growth. The deep blue emission is attributed to the transition of Ce3+ ions from
the 5d level crystal field component to the 4f ground state. In the case of the specimen synthesized at
900 ◦C, the results of XRD patterns and Raman spectrum inferior crystallinity due to relatively low
temperature were shown. However, as the reheating treatment temperature increased, the crystallinity
improved, which is thought to be the effect of recrystallization caused by heat energy supplied from
the outside. In addition, in the TEM image, particles with clear crystals were observed at 1400 ◦C,
where the reheating treatment temperature was the highest and, as a result of component analysis, B, N
and Ce were identified. This improvement in crystallinity has resulted in an increase in luminescence
properties. The solution-based coating of Ce3+-doped h-BN nanophosphors was applied to various
substrates; the films showed excellent transparency and luminescence with a strong visible blue color.
The hiding and easy identification of nanophosphors under normal conditions demonstrates the
feasibility of using rare earth-doped hexagonal boron nitride in anti-counterfeiting inks in a variety
of applications.
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Abstract: Bayfol® HX200 photopolymer is a holographic recording material used in a variety of
applications such as a holographic combiner for a heads-up display and augmented reality, dispersive
grating for spectrometers, and notch filters for Raman spectroscopy. For these systems, the thermal
properties of the holographic material are extremely important to consider since temperature can
affect the diffraction efficiency of the hologram as well as its spectral bandwidth and diffraction angle.
These thermal variations are a consequence of the distance and geometry change of the diffraction
Bragg planes recorded inside the material. Because temperatures can vary by a large margin in
industrial applications (e.g., automotive industry standards require withstanding temperature up
to 125 ◦C), it is also essential to know at which temperature the material starts to be affected by
permanent damage if the temperature is raised too high. Using thermogravimetric analysis, as well as
spectral measurement on samples with and without hologram, we measured that the Bayfol® HX200
material does not suffer from any permanent thermal degradation below 160 ◦C. From that point,
a further increase in temperature induces a decrease in transmission throughout the entire visible
region of the spectrum, leading to a reduced transmission for an original 82% down to 27% (including
Fresnel reflection). We measured the refractive index change over the temperature range from 24 ◦C
to 100 ◦C. Linear interpolation give a slope 4.5 × 10−4 K−1 for unexposed film, with the extrapolated
refractive index at 0 ◦C equal to n0 = 1.51. This refractive index change decreases to 3 × 10−4 K−1

when the material is fully cured with UV light, with a 0 ◦C refractive index equal to n0 = 1.495.
Spectral properties of a reflection hologram recorded at 532 nm was measured from 23 ◦C to 171 ◦C.
A consistent 10 nm spectral shift increase was observed for the diffraction peak wavelength when
the temperature reaches 171 ◦C. From these spectral measurements, we calculated a coefficient of
thermal expansion (CTE) of 384 × 10−6 K−1 by using the coupled wave theory in order to determine
the increase of the Bragg plane spacing with temperature.

Keywords: photopolymer; temperature; hologram; CTE; thermal degradation; refractive index

1. Introduction

Over the past few decades, most imaging and nonimaging systems have been designed and built
using conventional bulky glass- and metal-based optical elements. Those optical elements have been
proved to perform well under many conditions, but they are heavy, expensive, and require long lead
time to manufacture. In recent years, optical designers started to shift their focus on the design of thin,
lightweight, and easy-to-manufacture optical elements using the method of holographic recording [1–3].
Typically, holographic optical elements can be recorded on several different photosensitive materials
such as dichromated gelatin, silver halide, photoresist, and photopolymer [4].

As the demand for small, lightweight, and compact optical systems has grown since augmented
and virtual reality technologies have entered the optics industry, interest in holographic optical
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elements has also rapidly increased. Holographic optical elements are cheap, easy to manufacture,
and sensitive to wavelength and incidence angle; they also provide high diffraction efficiency.
These optical elements diffract light through the refractive index modulation obtained through their
recording and development processes [5,6].

For many applications, the thermal response of the holographic material is particularly important.
The linear coefficient of thermal expansion (CTE) can have an effect on both the diffraction spectrum
and diffraction angle of the hologram, changing the color and modifying the direction of the diffracted
beam [7].

In the case of a holographic optical element such as a lens, the temperature can change the focal
length [8]. In the case of dispersion gratings or holographic notch filters, there can be a shift
in the wavelength distribution that affects their use in spectrometry or in a laser cavity [9–11].
For a grating coupler such as those used in holographic combiners for augmented reality and for a
heads-up display, this could modify both the color and the field of view of the system [12–14].

It is also important to consider the thermal stability of the holographic material for integration
into industrial processes and applications [15]. The holographic material and the diffractive structure
contained within should be able to withstand the high temperatures encountered during thermoplastic
molding and extrusion, multilayers lamination (such as in windshield and security windows), and their
use in extreme environments such as defined in automotive, military, and aerospace specifications
(up to +125 ◦C) [16,17].

Volume holograms recorded in acrylamide-based photopolymers were investigated for their
operational range and reversibility over temperature range of 15–50 ◦C, and relative humidity
of 10–80% [18–20]. This material experiences a red wavelength shift in its diffraction response
with increased temperature and humidity. Liu et al. [21] investigated the spectral properties of
the DCG-based holograms under different temperatures and humidity conditions. They found
that the peak diffracted wavelength decreased with temperature and thermal processing time.
Lin et al. [22] studied the temperature effect in PQ:PMMA photopolymer and reported enhancement
of the diffraction efficiency with temperature postprocessing. SU-8, a commercial photoresin used for
photolithography and surface relief holographic gratings, has been shown to shrink, soften, and even
collapse at temperatures just above 100 ◦C. [23]. However, to our knowledge, no one has studied
the thermal response of the Bayfol® HX200 photopolymer material.

Bayfol® HX200 photopolymer is a holographic recording material distributed by Covestro that
has found uses in many applications such as the heads-up display, augmented reality glasses,
solar concentrator, and disperser for a spectrometer [14,24,25]. Bayfol® HX200 is an acrylate-based
2-chemistry photopolymer material; its composition and chemistry are described in detail in [26].
The chemical and physical properties of this material, such as the photo-initiation process, spectral
photosensitivity, refractive index modulation, and bleaching, have been characterized [26–28]. The Bayfol®

HX200 film has an average refractive index of no = 1.49 and a thickness of d = 16 μm, and it can provide
a maximum refractive index modulation of Δn = 0.03, per the manufacturer’s specifications [29].

Unfortunately, little is known about its thermal response. The only available information, to our
knowledge, is the fact that the Bayfol® HX200 is able to withstand the injection molding procedure
with a mold temperature of 70 ◦C [30].

In this paper, we present a study of several thermal characteristics of the Bayfol® HX200
that are critical for its use as an holographic material in industrial processes. We measured
the thermal degradation using both thermogravimetry and the transmission spectrum. Both techniques
are complementary, giving the maximum temperature under which the material should be kept
to ensure its proper optical operation. We quantified the variation of the refractive index as
a function of temperature between 24 ◦C and 100 ◦C, for unexposed as well as for exposed materials.
Knowing the refractive index allows determination of the precise optical path of the light rays inside
the sample and permits the accurate optical design of systems that include this material. This is
particularly important for holographic waveguides that rely on total internal reflection, which is
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determined by the refractive index. Finally, we are also reporting the measurement of the CTE
of the material calculated from the wavelength drift experienced by a reflection hologram with
temperature. The CTE and the refractive index are absolutely necessary parameters to calculate
the thermal behavior of an optical system that use the Bayfol® HX200 material. Together, these two
parameters determine the change in spectral and angular dispersion of holographic optical elements
according to temperature, and they were not known before this study.

2. Materials and Methods

2.1. Thermal Degradation

To measure the thermal stability of the Bayfol® HX200 material (manufactured by Covestro AG,
Leverkusen, Germany), we used both thermogravimetric analysis and spectroscopy.

The thermogravimetric analysis was performed on a TA Instruments (New Castle, DE, USA) TGA
550 machine at a rate of 10 ◦C/min. The photopolymer sample was separated from the backing film
and both compounds were measured separately.

To make sure the material does not suffer any optical damage at temperatures below the weight
loss recorded by the thermogravimetric experiment, we recorded the transmission spectrum depending
on temperature. For this experiment, the sample was prepared as follows: a 4 × 4 cm2 piece of Bayfol®

HX200 material was laminated on a float glass and exposed to sunlight for 5 min until fully bleached.
The material was then encapsulated with another float glass using UV curing optical glue NOA61,
which can withstand a temperature of 260 ◦C for three hours according to the manufacturer.

The sample was mounted parallel in front of a first surface aluminum mirror and placed
into a temperature-regulated oven. The front side of the oven had a transparent window so that
the sample could be illuminated. We used an Oceanoptics (now Ocean Insight, Orlando, FL, USA)
USB-4000 fiber fed UV-VIS spectrometer to measure the transmission spectrum of the sample in
a double-pass experiment where the back mirror reflected the light back at the spetrometer input fiber.
The light source was a halogen lamp that was projected on a diffuser, passing through an aperture,
and collimated. The amplitude of the spectrum was calibrated using a dark measurement where
the light source was turned off, and a 100% measurement where the sample was removed from
the optical path.

A thermocouple was used to measure the temperature at the sample location. The temperature
was gradually increased from ambient 23 ◦C to 260 ◦C at a rate of 60 ◦C/h in incremental steps.
The transmission spectrum was acquired at each step once the temperature reached equilibrium. Then,
the temperature was increased to the next step. Since the temperatures recorded at the oven controller and
at the thermocouple were different, the temperature steps appeared uneven. The reported temperatures
were those measured at the thermocouple, which has a greater precision (0.1 ◦C) than the oven controller.
A final spectrum was acquired after the sample was left for 12 h in the oven at 260 ◦C.

2.2. Measurement of the Refractive Index Variation with Temperature and Exposure

Holographic optical elements are recorded by interference of two mutually coherent beams within
the Bayfol® HX200 photopolymer material. As a result of the interference, a refractive index modulation
is created within the active region of the material [5,6]. The refractive index spatial modulation ng(x),
within the active region of the grating is approximated to have a sinusoidal structure and it is defined
by Equation (1),

ng(x) = no + Δng cos
(

2πx
Λ

)
(1)

where no is the average refractive index of the cured Bayfol® HX200 photopolymer, Δng is the refractive
index modulation created by the interference between the signal and reference beams, and Λ is
the period of the refractive index modulation.
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Although both the average refractive index and refractive index modulation are assumed to
be fixed after recording and processing, it is expected that they might change as a result of heat
or refrigeration.

The refractive index measurement was performed using a Metricon 2010 Model (Pennington,
NJ, USA). This system consists of a red laser at 637 nm, high refractive index prism, pneumatically
operated coupling head, and photodetector. The prism and coupling head are heated to temperature
values comprised between 24 ◦C and 100 ◦C with increments of 5 ◦C or less.

In Figure 1a, images of the fresh unexposed Bayfol® HX200 material are shown; in Figure 1b,
pictures of the material after being fully cured by UV exposure are presented. The sample size was
about 5× 10 cm2. The purple coloration of the fresh unexposed samples presented in Figure 1a was due
to the photoinitiator that was responsible for the polymerization of the monomer under light exposure.
The Bayfol® HX200 material uses a two-component system composed of a dye and an organoborate
salt [26]. Once the material has been cured under UV light, the photoinitiator dye is left in a bleached
state that is transparent to the visible light. Consequently, the cured samples presented in Figure 1b
are colorless. Measurements on the unexposed material were performed with the room light off to
avoid any photochemical reaction.

Figure 1. Pictures of Bayfol® HX200 film samples for (a) unrecorded/unexposed and (b) cured samples.

The Bayfol® HX200 photopolymer film was placed on the base of the high refractive index prism
and the coupling head was brought pneumatically to ensure that the film was in near contact with
the prism. Due to the soft nature of the Bayfol® HX200 photopolymer material, and the fact that any
excessive pressure could alter the bonding of its chemical composition, the pneumatic air pressure
was set to 20 psi. A piece of electrical tape was placed over the coupling head to minimize stress in
the sample under test. For each measurement, the thermocouple controller was set to the desired
temperature, and allowed enough time to heat up the sample prior to taking measurement.

For each refractive index versus temperature measurement, ten measurements were collected from
different locations within a piece of the film. The mean of the data was then recorded as the average
refractive index, no. The temperature of the prism and the coupling were changed to various values
ranging between 24◦ and 100 ◦C with increments of 5 ◦C or less, and a linear function was fitted for all
the collected refractive indices.

Extrapolation of the fitted function to an input temperature of 0 ◦C yields the average refractive
index at 0 ◦C. The slope of the line indicates the variation of refractive index with temperature, ∂n

∂T .
The linear fit function can be expressed as

n0 =
∂n
∂T

T + n[0]. (2)

Since the holographic recording is usually done at room temperature, the refractive index
modulation is calculated as the difference between the values of n0 for unexposed/unrecorded
film and cured film. The cured sample was laminated over 3 mm thick BK7 substrate glass
(Thorlabs Inc., Newton, NJ, USA) and placed under 275W Xenon lamp (Osram HLX 64656-FNT
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Xenophot, Osram Sylvania, Wilmington, MA, USA) for fourteen hours, followed by one hour exposure
under the sun to make sure the sample was fully cured.

2.3. Linear Coefficient of Thermal Expansion

For volume phase holographic gratings such as the one recorded in Bayfol® HX200, the energy
distribution depending on the angle and wavelength can be calculated using electromagnetic
propagation theory or coupled wave analysis [5]. However, the direction (θB) and wavelength (λB) of
the maximum efficiency can be predicted simply by using Bragg’s equation:

sin(θB) =
λB

2nΛ
(3)

where n is the refractive index of the material and Λ is the distance between the modulation planes
(Bragg planes).

When the material in which the hologram is recorded shrinks or swells, the spacing and angle
of the modulation planes are affected, changing the �K vector of the grating (with |K| = 2π/Λ).
This impacts the diffraction angle and the diffracted spectrum of the hologram.

In the simplified configuration of a transmission hologram with no slant angle, only the lateral
spacing of the modulation planes changes (|K′| = 2π/(Λ + ΔΛ)), which influences the diffraction
angle for a specific wavelength:

sin(θ′B) = sin(θB)
1

1 + ΔΛ
ΛB

(4)

Usually, this effect is not particularly visible since the material is laterally constrained by
the substrate on which it is laminated. In the case where the two materials (hologram and substrate)
have different coefficients of thermal expansion, the system is bending, introducing even more
aberrations that could not easily be separated.

On the other hand, for a reflection grating with its modulation planes parallel to
the substrate, a change of the material in the thickness direction affects the diffracted wavelength,
keeping the diffraction angle the same:

λ′
B = λB

(
1 +

ΔΛ
ΛB

)
(5)

This wavelength change can easily be detected by a spectrometer and is not coupled to any other
effect, making it a good candidate for the measurement of the material CTE.

In the more general case where the modulation planes have a slant angle different from 0 or π/2,
a more rigorous calculation, such as coupled wave analysis, is required to determine the perturbation
on both diffraction angle and wavelength.

It should also be noted that the wavelength shift in reflection hologram due to the material swelling
has been extensively studied in other materials such as silver halide or dichromated gelatin [31].
This effect has been used for tuning the hologram color and for the production of three colors (red,
green, and blue) 3D images with a single laser [32]. However, in the case of these collagen-based
materials, the swelling is due to the absorption of water rather than because of CTE, and the effect is
orders of magnitude larger than what is expected with temperature change.

For testing the temperature dependence on the spectrum of a reflection hologram, the Bayfol®

HX200 sample was prepared as in the previous section: a 3 × 6 cm2 sample was laminated on float glass,
then encapsulated after the hologram was recorded. The reflection hologram was recorded with a 532 nm
laser with one beam orthogonal to the sample and the other beam incident at 5◦ angle. This angle was
introduced so the diffracted beam could be easily separated from the front face reflection.

The transmission spectrum (zero-order) was measured in a double-pass experiment where
the illumination light was reflected back by a mirror located behind the sample. The orientation
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of the incident illumination and the mirror angle were optimized to achieve maximum diffraction
efficiency at 532 nm. In Figure 2, the interpolation of the spectrum measured at room temperature
with coupled wave analysis is presented. The best fit parameters were Λ = 5637 lp/mm (532 nm
wavelength with 5◦ and 180◦ (=0◦ opposite direction) incidence angles), 7.2 μm effective thickness,
and a refractive index modulation of Δn = 0.026.

Figure 2. Double-pass transmission spectrum (zero-order) of the reflection hologram interpolated by
coupled wave analysis.

The temperature was gradually raised from ambient to 170 ◦C over the course of 3 h, during which
spectra were acquired at regular intervals. The sample was then allowed to cool down back to ambient
temperature over 12 h. Finally, another temperature cycle was run with more spectra acquisition.

3. Results and Discussion

3.1. Thermal Degradation

The thermogravimetric analysis of both the Bayfol® HX200 photopolymer material and its
cellulose triacetate backing (without photopolymer) is presented in Figure 3.

The photopolymer followed a multistage decomposition that started at 160 ◦C (first onset) and
reached its midpoint at 180 ◦C. The backing film showed an initial degradation at the same temperature
that is believed to be due to some photopolymer residue on our sample. A much larger weight loss
appeared at 325 ◦C, which is consistent with the literature on cellulose triacetate [33].

Figure 3. Thermogravimetric analysis of the Bayfol® HX200 photopolymer and the cellulose
triacetate backing.
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3.2. Spectral Measurement

In Figure 4, the results of the spectral measurement depending on temperature are presented.
The initial spectrum taken at 47 ◦C shows the residual absorption of the sample composed of glass,
Bayfol® HX200, and NOA60 glue, as well as the Fresnel reflection from the different interfaces. It can be
noted from the picture taken of the sample before thermal treatment (Figure 5a) that the Bayfol® HX200
material is slightly yellow. No spectral change was observed up to 138 ◦C. The next spectrum recorded
at 190 ◦C shows a decrease in transmission around 530 nm consistent with the thermogravimetric
measurement. This indicates that the decomposition temperature was reached. As the temperature
kept increasing, the transmission kept decreasing over the entire 400 nm to 840 nm band.

Figure 4. Transmission spectrum of the Bayfol® HX200 sample without hologram, depending
on temperature.

Pictures of the sample before and after thermal treatment are presented in Figure 5. It can be
noticed from Figure 5b that the brown coloration of the sample was only due to the Bayfol® HX200
material, since there was no color change for the NOA61 optical glue around the material. The optical
transmittance of the sample before thermal treatment was 82% integrated over the entire visible
spectrum (450–750 nm) and included the Fresnel reflection. After the thermal treatment (262 ◦C for
12 h), the optical transmittance was reduced to 27%.

Figure 5. Pictures of the sample before thermal treatment (a), and after 12 h at 262 ◦C (b).

The precise chemical reaction responsible for the darkening of the photopolymer with temperature
is beyond the scope of this research, but it can be deduced from similar behaviors observed in other
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polymers that the material undergoes thermal oxidation and further breakdown of the polymer
chains [34]. To avoid these irreversible reactions, the Bayfol® HX200 material should be kept below
160 ◦C at all times.

3.3. Refractive Index

Figure 6 shows the change of the refractive index of the Bayfol® HX200 samples as they were
heated to temperatures between 24 ◦C and 100 ◦C. The plots show that increased temperatures caused
the refractive index to drop for both samples. The highest change is seen with the unrecorded samples
as ∂n

∂T is 4.5 × 10−4 K−1, when the cured samples have the value 3 × 10−4 K−1.

Figure 6. Refractive index variation depending on temperature for the (a) unexposed/unrecorded
samples and (b) cured sample.

From the values of the refractive index presented in Figure 6, it can be noted that the refractive
index change due to material curing by light exposure was around 0.015 for the cured sample. This Δn
did not reach the maximum of 0.03 as indicated by the Bayfol® HX200 manufacturer data sheet [35].
Knowing the fact that the photopolymer materials rely on the photoinitiated cross-linking, monomer
diffusion, and further polymerization to achieve high refractive index modulation [4], it can be
understood that uniform illumination as used in this study does not allow for maximum refractive
index change. In the case of large area illumination, the monomers could not diffuse far enough from
the unexposed regions of the material to increase the material density and refractive index.

3.4. Linear Coefficient of Thermal Expansion

Figure 7 shows how the transmission spectrum of the reflection hologram drifted with
temperature. It can be seen that from 23 ◦C to 171 ◦C, the transmission minimum drifted from
565 nm to 602 nm.

In Figure 8, the wavelength of the transmission minimum was plotted depending on temperature
for two temperature cycles (back and forth) between 23 ◦C and 170 ◦C. During the initial temperature
increase, an irreversible change occurred at 170 ◦C with a sudden increase in the minimum wavelength.
After observation of the sample, we noticed that the NOA glue has softened and allowed the sample to
shift from the cover glass. This shift induced a color change in the reflection spectrum of the hologram
that can be seen in Figure 9b.

Figure 9 shows pictures of the reflection hologram sample before thermal treatment (left) and after
the initial temperature increase to 170 ◦C (right). One can see some permanent change in the form of
nonuniform color (pink or yellow) of the hologram after the thermal treatment. Note that the coloration
of the sample was not due to material absorption, but to the diffraction from the hologram. It has to
be noted that after this initial irreversible change, further temperature variation from 20 ◦C to 170 ◦C
induces a linear and fully reversible change in diffracted wavelength.
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Figure 7. Transmission spectrum of the Bayfol® HX200 reflection hologram depending on temperature.

Figure 8. Wavelength minimum of the transmission spectra of the Bayfol® HX200 reflection hologram
depending on temperature for two temperature cycles.

Figure 9. Pictures of the reflection hologram sample before thermal treatment (a) and after initial
temperature increase from ambient temperature to 170 ◦C (b). Note that the pink coloration of
the sample was not due to the material absorption but to the diffraction of the green wavelength that
was no more present in the transmission spectra (white light − green = pink).

To calculate the linear coefficient of thermal expansion (CTE) for the Bayfol® HX200 material,
we used Equation (5) to retrieve the spacing of the Bragg planes spacing from the measurement of
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the diffraction peak minimum wavelength as a function of temperature. This spacing parameter is
presented in Figure 10 where it is interpolated by a linear regression. The origin of the straight line
interpolation gives the original distance between the planes (L), and the slope gives the distance
increase depending on temperature (ΔL/ΔT). The CTE is defined as:

α =
ΔL

L.ΔT
= 384 × 10−6 K−1 (6)

Figure 10. Bragg planes spacing for the Bayfol® HX200 reflection hologram depending on temperature
for 1.5 temperature cycles.

The CTE calculated value 384 × 10−6 K−1 for the Bayfol® HX200 is of the same order of
magnitude as the literature values for other polymeric materials such as polypropylene 150 × 10−6 K−1,
polystyrene 150 × 10−6 K−1, or teflon 175 × 10−6 K−1 [36–38].

4. Conclusions

Thermogravimetric measurements show that the Bayfol® HX200 material does not suffer
from any thermal degradation before 160 ◦C. Up to that temperature, holograms recorded in this
material experience only reversible change, expressed as thermal dilatation between the Bragg planes.
Irreversible change in the hologram diffraction spectrum started at 170 ◦C, and irreversible change in
the transmission spectrum of the material was recorded starting at 190 ◦C.

Refractive index variation depending on the temperature was measured as 4.5 × 10−4 K−1 for
the unexposed material and 3.3 × 10−4 K−1 once the material was fully cured. These changes are
linear depending on the temperature over a range from 24 ◦C to 100 ◦C.

A CTE of 384 × 10−6 K−1 was calculated by measuring the spectral shift of a reflection hologram
depending on temperature. This color shift was due to the dilatation between the Bragg planes
experienced when the photopolymer material swelled under temperature increase.

These results will be valuable to predict the characteristics of holographic optical elements and
other holograms in applications and processes where thermal variation is expected.
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Abstract: Magneto-optic (MO) imaging and sensing are at present the most developed practical
applications of thin-film MO garnet materials. However, in order to improve sensitivity for a range of
established and forward-looking applications, the technology and component-related advances are
still necessary. These improvements are expected to originate from new material system development.
We propose a set of technological modifications for the RF-magnetron sputtering deposition and
crystallization annealing of magneto-optic bismuth-substituted iron-garnet films and investigate
the improved material properties. Results show that standard crystallization annealing for the
as-deposited ultrathin (sputtered 10 nm thick, amorphous phase) films resulted in more than a factor
of two loss in the magneto-optical activity of the films in the visible spectral region, compared to the
liquid-phase grown epitaxial films. Results also show that an additional 10 nm-thick metal-oxide
(Bi2O3) protective layer above the amorphous film results in ~2.7 times increase in the magneto-optical
quality of crystallized iron-garnet films. On the other hand, the effects of post-deposition oxygen (O2)
plasma treatment on the magneto-optical (MO) properties of Bismuth substituted iron garnet thin
film materials are investigated. Results show that in the visible part of the electromagnetic spectrum
(at 532 nm), the O2 treated (up to 3 min) garnet films retain higher specific Faraday rotation and
figures of merit compared to non-treated garnet films.

Keywords: magneto-optics; mcd; faraday rotation; figure of merit; polarization; oxygen
plasma treatment

1. Introduction

Since several decades ago, magneto-optic (MO) applications of garnet materials were well-known.
Bismuth (Bi)-substituted garnet materials for various MO applications attract the attention of researchers
in this field, aimed at developing innovative high-performance garnet materials or finding ways
of improving their properties. Also, from the practical point of view, MO garnet materials of
these composition types with high-performance are relevant to the context of manufacturing of
next-generation ultra-fast optoelectronic devices, such as light intensity switches and modulators,
high-speed flat panel displays and high-sensitivity sensors [1–14]. Therefore, it is important, nowadays,
to obtain MO materials of optimized material composition stoichiometry possessing a high figure of
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merit and a low coercive field. This can typically be achieved with garnets having high Bi-substitution
levels. In recent years, significant research activities have been reported in the field of the manufacture
and characterization of new-generation ultrathin films of yttrium iron garnet (YIG) and related materials,
of thicknesses ranging from several nanometers to several tens of nanometers. The record-low optical
losses of YIGs in the ultrahigh frequency (UHF) spectral region make them attractive for the development
of spintronics and modern microwave devices. The low losses of YIGs are due to the small damping
parameter α ≈ 3 × 10−5 (the ferromagnetic resonance linewidth of less than 0.5 Oe at 9 GHz). Thin films
of ferromagnetic metals lag behind YIG materials in performance (in terms of the damping parameter
characteristics) by two orders of magnitude, thus enabling a significant reduction in switching current
for spin valve devices, which are the key components used to develop magnetic sensors, hard disk
read heads and magnetic random access memories (MRAM) [1]. Another potential practical area that
can benefit from the use of thin YIG films is related to the development of different nano-electronic
device types, which utilize the phenomenon of spin current generation by magnetostatic spin waves
propagating in thin YIG films possessing small damping parameters [5]. Bismuth-substituted iron
garnets, being ferrimagnetic dielectrics possessing giant specific Faraday rotation across the visible
and near-infrared spectral regions, also represent the most promising MO materials for use in different
MO devices, such as magnetic photonic crystals (MPC), non-reciprocal MO elements, Faraday-effect
ultrafast MO modulators, magnetic field-controlled multilayer MO waveguiding structures, hybrid
multiferroics-based multilayers and other applications in photonics [15–17]. From the point of view of
the practical applications of ferrite garnets in hybrid integrated-optics circuits, the most promising
fabrication approach is RF magnetron sputtering of amorphous-phase garnet films onto substrates such
as gadolinium gallium garnet (GGG), kept at room temperature (or between 100–400 ◦C), followed
by annealing crystallization processes run at temperatures between 490–650 ◦C. The properties of
a transitional layer forming between the substrate and deposited film are a defining factor, which
governs the annealing crystallization process since the crystallization processes of these garnet film
structures start from the transitional layer region. When using the thin or ultrathin ferrite garnet layers
in bilayer-type structures involving garnet film as spin wave generator and a nanoscale platinum film
as spin current detector, at the forefront is the problem of the uniformity of the magnetic properties
in thin or ultrathin garnet films and whether these also possess record-low damping parameters or
small ferromagnetic resonance (FMR) linewidths near 1 Oe. In addition to this, the application of
additional or protective layers or films is very useful for the topographic mapping of the sensitive
media [18–20]. There are literature reports, presenting the data showing that in thin and ultrathin
iron-garnet films, there exist significant variations in both the composition and magnetic properties
across the film thickness [5]. For example, near the substrate-film boundary region, in epitaxially-grown
iron garnet films, dependent on growth conditions, complex transitional layers of thickness ranging
between several nm up to 250 nm, may form [21]. It is important to note that in these films,
the transitional-layer thickness (as evaluated using Curie temperature measurements), may also reach
250 nm. With increasing film thickness, up to 2 μm, a constant Curie temperature value is observed.

On the other hand, oxygen plasma treatment is an attractive and widely used technique on
both the experimental and industrial scales to improve thin-film technology without introducing any
complexity into the material stoichiometry [22–24]. Oxygen plasma treatment is a well-known method
used to clean the substrates for the development of thin films, since the oxygen plasma treatment
enhances the adhesion of thin films to the substrates. The optimized oxygen plasma treatment process
can enhance the thin film’s bonding strength (surface energy) and adequately modify the film surfaces
for various microelectronics and optoelectronics devices without affecting the entire nanostructure of
the devices [22–27]. J. W. Roh et al. have reported that the oxygen plasma- assisted wafer bonding
process is very effective and crucial for the fabrication of integrated optical waveguide isolators.
They treated the surfaces of GGG substrates by oxygen plasma for 30 s with a radio frequency (RF)
plasma power of 100 W under oxygen pressure of 0.3 Torr and observed high bonding strength and
hydrophilicity without any voids in the interface in bonding of Indium phosphide (InP) thin films to
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Gd3Ga5O12 (GGG) substrates [26]. K. H. Chen et al. have applied the oxygen plasma treatment process
in low temperature environment to improve the electrical and physical properties of as-deposited
(Ba0.7Sr0.3)(Ti0.9Zr0.1)O3 (BSTZ) thin films [27]. They have reported that the oxygen plasma treatment
affects the chemical bonding state and crystalline structure to help reduce the density of interface
states, oxygen vacancies and defects for as-deposited BSTZ thin films and enhance the capacitance
of the films. Growing high-quality thin films of various oxide and metal-oxide-based materials,
including MO garnets, on various substrates, is typically accomplished by creating oxygen plasma and
allowing extra oxygen input with argon (Ar), Nitrogen (N2) or Hydrogen (H) or Helium (He) plasma
during the deposition process [28–37]. However, to the best of our knowledge, using post-deposition
oxygen plasma treatment on as-deposited highly Bi-substituted iron garnet thin films, prior to the
annealing crystallization processes, has never been reported, at least not in conjunction with MO
quality measurements.

To improve the properties of highly Bi-substituted metal doped iron garnet thin film materials,
we propose two new and modified process sequences for annealing crystallization of garnet thin films.
The new method for the manufacture of high-performance ultrathin garnet films is the provision of a
thin (2–20 nm) protective bismuth oxide (Bi2O3) layer, which assists in the crystallization of the garnet
layer. In this case, during the initial stage, a 20–60 nm amorphous-phase film of a nanocomposite
co-sputtered material type of (Bi2Dy1Fe4Ga1O12 + Bi2O3), is deposited onto a GGG or a glass substrate.
The excess bismuth oxide content relative to the stoichiometric composition of ferrite garnet is kept
between 10–40 vol %. The second stage involves the deposition (also by RF sputtering) of a protective
bismuth-oxide layer of thickness between 2 nm–20 nm onto these amorphous nanocomposite films.
The obtained two-layer structure is then subjected to annealing crystallization in an air atmosphere,
at a temperature between 490 ◦C and 650 ◦C, for 1 h. Results show that the MO performance
characteristics of the samples (nanocomposite material of composition type Bi2Dy1Fe4Ga1O12 + Bi2O3

with a protective Bi2O3 layer) exceed, by more than a factor of two, the corresponding parameters
obtained in identical material systems fabricated without this additional protective layer. We also
report on the studies of the Faraday rotation and its dispersion (conducted in the 400 nm–600 nm
interval), as well as the magnetic circular dichroism (MCD, performed in between 300 nm–600 nm).
Results demonstrate a two-fold improvement in the MO characteristics of oxide-protected garnet films,
due to both the increased bismuth substitution levels and the prevention of bismuth evaporation from
the subsurface film regions.

Secondly, we apply oxygen plasma treatment on as-deposited garnet samples immediately after
deposition and then follow the previously established (composition-dependent) high-temperature
annealing processes to crystallize the garnet thin films. We investigate the effects of post-deposition
oxygen plasma treatment on the MO properties of RF sputtered garnet thin-film layers, synthesized
using two different types of Bi-substituted garnets. The oxygen plasma treated and non-treated garnet
thin films are characterized and analyzed after running the annealing processes. In the conducted
experiments, we repeatedly noticed that the post-deposition low- temperature oxygen plasma treatment
improves their material properties, especially the Faraday rotation per unit film thickness and the
optical absorption coefficients, thus leading to obtaining a higher MO figure of merit compared to that
of non-treated annealed garnet layers.

2. Background and Transitional Layer Properties

When using a single solution-melt, depending on the epitaxial growth temperature and the
supercooling magnitude, the transitional layer thickness can vary widely, from 5 nm to around 250 nm,
with the transitional layer being possibly composed of several intermediate layers. For example,
a growth regime with bismuth-containing solution-melt supercooling near ΔT ~ 150 ◦C at a growth
temperature around 750 ◦C leads to the appearance of an intermediate transitional sublayer of thickness
around 100 nm at the substrate-film boundary (Curie temperature of the iron garnet composition
being 225 ◦C). As a result, in this thickness interval, the epitaxial growth process occurs under the
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conditions that the growth rate is being limited by the crystallization rate at the substrate-film boundary.
Past this stage, a thick transitional sublayer appears, of thickness near 150 nm, within which the Curie
temperature reduces from 225 ◦C to 215 ◦C. At the same time, for this material, the effective field of the
uniaxial magnetic anisotropy, defined as Hk

eff = Hk − 4πMs, changes smoothly from Hk
eff = 1500 Oe

at the epitaxial layer thickness h = 30 nm, to Hk
eff = 2100 Oe, at h = 250 nm. Studies of the lattice

parameter dependency on the epitaxial layer thickness conducted in the thickness range between
250 nm and 1μm for Bi-substituted ferrite garnet films showed that both the Curie temperature of
material and the lattice parameter do not change and are equal to TC = 215 ◦C and af = 12.401 Å,
respectively. Within the starting region of the transitional layer, the corresponding measured values
were TC = 225 ◦C and af = 12.412 Å, respectively [1]. According to the data reported in Reference [5], an
increase in the Bi substitution by 1 formula unit (f.u.) within epitaxial films has led to an increase in the
garnet lattice parameter by Δaf = 0.0828 Å. Therefore, increasing the Bi-substitution from 0.3 f.u. to 1.43
f.u. should lead to an increase of the transverse lattice parameter from af = 12.401 Å to af = 12.412 Å
and hence, the data on the Tc and lattice parameter near the film-substrate boundary do not match
well [1,38].

At a growth temperature around 980 ◦C and solution melt supercooling of around ΔT = 5 ◦C,
it is possible to grow an epitaxial garnet layer of thickness around several microns, within which the
Curie temperature remains practically constant across the entire volume of the epitaxial layer. It is
important to note that, when fabricating thin and ultrathin bismuth-substituted iron-garnet layers,
the formation of transitional layers near the film-substrate boundary may also take place due to the
partial amorphization of the substrate surface occurring during the pre-deposition argon-plasma
bombardment as a result of additional substrate-cleaning measures. The Ar+ ion energies may, in
this case, reach between tens of eV to several keV. Another cause of the significant changes in the
composition of film with thickness and the related changes in the magnetic properties of films, is the
annealing crystallization procedure, which takes place within the (composition-dependent) temperature
range from 490 ◦C to 650 ◦C [1]. Etching of GGG substrates undertaken prior to the epitaxial film
growth leads, at best, to the root mean squre RMS surface roughness of the substrate surface being near
~0.25 nm. Usually, in Liquid Phase Epitaxy (LPE)-grown iron garnet films fabricated while keeping
constant melt temperature during growth, a significant reduction of the Bi substitution content is
observed across the film layer thickness, towards the direction of the film-air boundary. During the
experiments aimed at finding the optimum temperature of epitaxial growth, it has been found that,
at a growth temperature between 950 ◦C and 980 ◦C and melt supercooling near ΔT = 5–10 ◦C, it is
possible to manufacture films with a constant Curie temperature, within ΔTc = 3 ◦C [1]. In this study,
several batches of Bi-containing thin-ferrite garnet-type films are fabricated and characterized in order
to better understand the annealing crystallization processes for the synthesis Bi-substituted ferrite
garnets (which initially are found to be in an amorphous phase after RF magnetron deposition).

3. Garnet Layers Sputter-Deposition and Annealing Process and Parameters

Multiple batches of single-layer bismuth-substituted garnet compounds doped with dysprosium
and gallium and bi-layer structures (garnet layer covered by a top thin protective oxide layer) have been
prepared on glass and monocrystalline garnet substrates using the RF magnetron sputtering technique.
The sputtering targets used had nominal compositions of Bi2Dy1Fe4Ga1O12, Bi2.1Dy0.9Fe3.9Ga1.1O12,

Bi1.8 Lu1.2Fe3.6Ga1.4O12 and Bi2O3. From our previous work, we had found that the films of co-sputtered
composition type (Bi2Dy1Fe4Ga1O12 sputtered with excess Bi2O3) possessed simultaneously a high
Faraday rotation and the necessary level of uniaxial magnetic anisotropy to orient the magnetization of
the films in the direction perpendicular to the film plane [5].

Some of the as-deposited garnet layers were treated with oxygen plasma exposure immediately
after the deposition process before the high temperature crystallization process was performed.
The process parameters used to prepare the garnet layers, including sputter deposition, oxygen plasma
exposure and annealing crystallization, are detailed in Table 1. O2 plasma treatment was conducted
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using YZD08-5C plasma cleaner (purchased through Alibaba.com) for 0.5–5 min. The plasma-treated
and the non-treated samples were then annealed by using the optimized annealing regimes found in
previous annealing experiments for this composition of garnet layers [3,4]. The film quality and the
properties of annealed garnet samples were first characterized in terms of the specific Faraday rotation
and MO figure of merit at 532 nm.

Table 1. Summary of process parameters used to prepare the garnet layers.

Sample Preparation Stage Process Parameters Values & Comments

Garnet layers deposition Sputtering target stoichiometry
oxide-mixed garnet targets

Bi2Dy1Fe4Ga1O12,
Bi2.1Dy0.9Fe3.9Ga1.1O12,

Bi1.8 Lu1.2Fe3.6Ga1.4O12 and Bi2O3
Base pressure 4–5 × 10-6 Torr

Argon (Ar) pressure ≈2 mTorr
Substrate stage temperature Room Temperature 21–23 ◦C
Substrate stage rotation rate 16–17 rpm

Oxygen plasma treatment Base pressure 750 mTorr
Oxygen flow 0.2 sccm/min

RF power densities 40 W
Plasma exposure time 30 s to 5 min

In this work, the post-deposition annealing processes were run using a conventional
temperature-controlled and heating-rate-controlled oven in the temperature range of 490 to 650 ◦C.

Several batches of simple (double and triple)-layer-type all-garnet heterostructures were also
manufactured, investigated and their optimized process parameters and properties (i.e., optimizing
the heterostructure annealing regimes and characterizing the crystallization behavior, inter-material
compatibility and microstructural properties) were reported by our group. Our previously published
data confirmed the annealing crystallization behavior of Bi-substituted iron garnet and garnet-oxide
composites deposited onto various substrate types [3–5].

4. Results

4.1. Spectral Dependencies of Faraday Rotation Measured for Nanocrystalline Films of Composition
Bi2Dy1Fe4Ga1O12

Figure 1 shows the spectral dependency of the specific Faraday rotation, where a peak at 494 nm
is observed, for a Bi2Dy1Fe4Ga1O12 film of around 150 nm thickness. When measuring the MO
characteristics in samples of less than 20 nm thickness, across the temperature interval between
8K–200K (−265.15 to −73.15 ◦C), we observed magnetic circular dichroism (MCD) spectra similar to
these typical for nanocrystalline Bi-substituted ferrite garnets with thicknesses between 500–1000 nm.
During this study, we measured the MCD spectra between 250–600 nm.
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Figure 1. Spectral dependencies of Faraday rotation measured for nanocrystalline films of composition
Bi2Dy1Fe4Ga1O12 at the saturated magnetization state.

Y. Sun et al. has reported PLD-manufactured YIG films on GGG substrates with FMR linewidth
of 3.4 Oe, defined as the interval between the extrema of the derivative of the FMR absorption line
at 10 GHz. The film surface roughness determined by scanning probe microscopy was between
1–3 nm [39]. The years 2010 and 2011 witnessed the birth of a new paradigm in the discipline of
spintronics—“spintronics using yttrium iron garnets [1,15–17,40,41]. The significance of this research
field originates from two features of yttrium iron garnet (Y3Fe5O12, YIG) materials: (1) extremely small
damping factor and (2) electrically-insulating property.

4.2. Scpectral Dependencies of Magnetic Circular Dichroism for Standard Nanocomposite-Type Samples
of Bi2Dy1Fe4Ga1O12 + Bi2O3

In this study, we measured the magnetic circular dichroism (MCD) spectra in the wavelength
range of 250–600 nm in nanocomposite films of bismuth-containing ferrite garnets with an excess of
bismuth oxide. The results of studying the spectral dependence of magnetic circular dichroism in a
nanocomposite film of the Bi2Dy1Fe4Ga1O12 + Bi2O3 system in the spectral range from 250 to 600 nm
are shown in Figure 2. The sign of the MCD effect is opposite to the sign of MCD observed in films of
ferrite garnets of composition (YBi)3Fe5O12 [40]. This is because the studied sample has a magnetic
compensation point at a temperature above room temperature. Note that, for (YBi)3Fe5O12 samples,
the tetrahedral magnetic sublattice of a ferrite garnet is oriented along the applied magnetic field,
however, by the substituting yttrium ions by dysprosium ions and iron ions by gallium ions in the
dodecahedral ferrite garnet sublattice reverse the magnetization orientation.

Figure 2. Spectral dependences of the magnetic circular dichroism of ferrite garnet films, in the spectral
range from 250 to 600 nm.
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4.3. Bi2.1Dy0.9Fe3.9Ga1.1O12 and Bi1.8Lu1.2Fe3.6Al1.4O12 Garnet Layers Annealed Followed by Post-Deposition
Oxygen Plasma Treatment

X-ray diffraction (XRD) traces obtained for as-deposited and annealed Bi2.1Dy0.9Fe3.9Ga1.1O12

films using a Siemens 5000D x-ray diffractometer are shown in Figure 3. The presence of a weak broad
hump at ∼38.2◦ in the XRD pattern of the as-deposited garnet samples is attributed to the amorphous
phase of the samples just after deposition as well as to the post oxygen plasma exposure. However,
following annealing at 580 ◦C and higher, the broadened hump at 38.2◦ is turned into a small but
significantly noticeable, peak (512) together with a number of stronger peaks consistent with the
primary garnet phase representing their crystallization stage and the nanocrystalline microstructure of
the garnet films. All identified XRD peaks and their angular positions with the half maximum-line
width (FWHM) values were determined using the Jade 9 (MDI Corp.) software package (Peak-listing
option). The lattice constant and crystallite sizes for the synthesized garnet-type materials were
calculated using the standard procedures followed in Ref [3]. It can be concluded that all the garnet
layers present the crystalline phage however, from our experiments we observed that the Oxygen
plasma treated samples were able to annealed at a comparatively low temperature compared to that of
the non-treated garnet samples.

Figure 3. Measured X-ray diffraction (XRD) patterns in as-deposited and annealed
Bi2.1Dy0.9Fe3.9Ga1.1O12 garnet layers.

To investigate the effects of post-deposition oxygen plasma treatment on the optical and
magneto-optical behaviours of Bi2.1Dy0.9Fe3.9Ga1.1O12 type thin films, we derived the optical absorption
coefficients, measured the specific Faraday rotation and calculated the MO figure of merit at a certain
spectral wavelength (532 nm). The transmission spectra of all annealed garnet layers were spectrally
fitted with the modeled transmission spectra to determine the optical absorption on the garnet layers by
using the MPC software reported in Reference [42]. The plasma-treated samples showed slightly higher
specific Faraday rotation at 532 nm compared to the non-treated garnet samples and this was repeatedly
observed in all batches of plasma-treated annealed samples. However, significantly lower optical
losses (optical absorption) were observed in the O2-plasma-treated (up to 3 min) garnet layers than that
of non-treated garnet films, thus leading to an improved MO figure of merit (Q = 2×ΘF/α , where
ΘF is the specific Faraday rotation and α is the absorption coefficients) as shown in Figures 4 and 5.
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Estimated errors in films’ thicknesses (within ± 5% accuracy) as well as in Faraday rotation were
accounted for during the calculations of the MO figures of merit.

Figure 4. Measured optical absorption coefficients (a), specific Faraday rotation and magneto-optic
(MO) figure of merit data points (b) at 532 nm in optimally annealed O2 plasma treated and non-treated
Bi2.1Dy0.9Fe3.9Ga1.1O12 garnet layers.
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Figure 5. Measured optical absorption coefficients (a), specific Faraday rotation and MO figure
of merit data points (b) at 532 nm in optimally annealed O2 plasma treated and non-treated
Bi1.8Lu1.2Fe3.6Al1.4O12 garnet layers.

The best MO properties were obtained in the sample that was exposed to oxygen plasma for
only 30 s inside the high vacuum chamber. This sample showed the highest specific Faraday rotation,
lowest optical absorption at 532 nm. The highest MO figure of merit, about 19 degrees, was obtained in
the 30-s plasma-treated garnet layer of composition type Bi2.1Dy0.9Fe3.9Ga1.1O12 whilst the highest MO
figure of merit, above 35 degrees, was obtained in plasma-treated garnet layers of composition type
Bi1.8Lu1.2Fe3.6Al1.4O12. It is important to note that the specific Faraday rotation slightly decreased with
increasing the plasma treatment time, however, the absorption coefficient increased significantly with
the plasma exposure time, and, consequently, reduced the MO quality of the garnet layers after 3 min.

The surface roughness profile of the garnet thin films (oxygen plasma treated and non-treated)
were studied and it was found that all annealed samples exhibited smooth, uniform and consistent
morphology across film surfaces except some minor micro-cracks (occurred due to substrates
high-temperature expansion and also for the lattice mismatch of the garnet layer and the substrate).
Garnet films exposed to oxygen plasma for 30 s possessed the best surface quality with RMS roughness
value (Rq) of around 0.5 nm, as can be seen in Figure 6. This indicates that such films have significant
surface effects while other samples including the non-treated garnet layer showed RMS value over
1 nm. From the above discussion. it can be concluded that the O2 plasma treatment effectively interacts
with the material surface layer and reduces the surface roughness without intruding into the entire
layer structure. This changes the surface energy of the garnet layers and helps the garnet layers get
more oxygen diffusion during the annealing crystallization process, leading to better MO properties
compared to the non-treated garnet layers. Note that, films treated with O2 plasma for longer than 30 s
displayed surface larger nanoscale grain features.
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Figure 6. Measured root mean square RMS surface roughness values vs. oxygen plasma exposure time,
for the various developed garnet thin films.

It was observed that the MO figure of merit decreased with the increase in plasma treatment time
though the specific Faraday rotation remained higher compared to that of the non-treated annealed
garnet layer. From the overall experimental datasets, we can conclude that the oxygen plasma treatment
helps the amorphous garnet layers to crystallize with less effect added from foreign contaminants on
the layer surface, compared to the non-treated samples. This is an ongoing research work and will be
continued in order to develop new garnet materials with improved MO properties for existing and
emerging applications in magneto photonic, magneto-plasmonic and integrated optics.

5. Conclusions

Studies of the magneto-optical properties of ultrathin RF magnetron sputtered bismuth-substituted
iron garnet films have been conducted in the temperature interval from room temperature down to
8K (−265.15 ◦C). For the first time, the effects of thin protective Bi2O3 layers on the MO properties of
ultrathin highly bismuth-substituted dysprosium iron garnet layers have been investigated. At room
temperature and also at cryogenic temperatures, the spectral dependencies of magnetic circular
dichroism have been measured between 250–850 nm. At room temperature, the MCD spectra typical
of Bi-substituted ferrite garnets have been measured (in samples without protective oxide layers),
in films of thickness 10.3 nm and above.

In order to improve the MO quality in ultrathin nanocomposite films of co-sputtered composition
type Bi2Dy1Fe4Ga1O12 + Bi2O3, we have introduced a new modification of the annealing crystallization
process, in which a 10 nm-thick protective layer of Bi2O3 served to prevent the films from Bi content
loss otherwise occurring during the high-temperature annealing. Results show that the magnitude
of MCD signal measured at 450 nm an oxide-protected annealed film of system Bi2Dy1Fe4Ga1O12 +

Bi2O3, is 2.7 times higher than that of a Bi2Dy1Fe4Ga1O12 unprotected by an oxide layer. The properties
of the garnet thin films can also be improved by employing the oxygen plasma treatment just after the
deposition process. Additionally, we believe that pre-diffusing the oxygen from plasma into garnet
films volume prior to annealing could lead to better (faster) compensation of oxygen loss occurring
during sputtering, thus preventing the excessive formation of non-garnet material phases during
annealing. However, this preliminary finding may require further experimental confirmation.
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Abstract: This article details the preparation of hollow gold-silver nanoshells (GS-NSs) coated with
tunably thin silica shells for use in plasmon-enhanced photocatalytic applications. Hollow GS-NSs
were synthesized via the galvanic replacement of silver nanoparticles. The localized surface plasmon
resonance (LSPR) peaks of the GS-NSs were tuned over the range of visible light to near-infrared
(NIR) wavelengths by adjusting the ratio of silver nanoparticles to gold salt solution to obtain three
distinct types of GS-NSs with LSPR peaks centered near 500, 700, and 900 nm. Varying concentrations
of (3-aminopropyl)trimethoxysilane and sodium silicate solution afforded silica shell coatings of
controllable thicknesses on the GS-NS cores. For each type of GS-NS, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) images verified our ability to grow thin silica
shells having three different thicknesses of silica shell (~2, ~10, and ~15 nm) on the GS-NS cores.
Additionally, energy-dispersive X-ray (EDX) spectra confirmed the successful coating of the GS-NSs
with SiO2 shells having controlled thicknesses. Extinction spectra of the as-prepared nanoparticles
indicated that the silica shell has a minimal effect on the LSPR peak of the gold-silver nanoshells.

Keywords: nanoparticles; silica shells; metal nanoparticles; gold-silver nanoshells; core-shell
nanoparticles

1. Introduction

Harvesting solar energy and storing it in the form of a chemical, such as hydrogen, has garnered
significant interest for renewable energy because it is the most abundant and free energy source
available on earth [1,2]. Practical and sustainable approaches to solar energy include the utilization of
photoelectrochemical reactions such as carbon dioxide reduction and water splitting to afford fuels
(e.g., methane, methanol, and hydrogen) [3]. Of particular interest is the water-splitting reaction,
for which the standard Gibbs free energy to produce hydrogen from water is greater than 237 kJ/mol
and is equivalent to the wavelength of light in the range of 500–1100 nm [4]. Importantly, water is
transparent and absorbs little or no light at those wavelengths. Therefore, various composites have
been aggressively explored for use in water-splitting reactions due to their ability to absorb across the
broad range of wavelengths in the solar spectrum [5].

Abundantly available metal oxide materials such as TiO2, ZnO, Al2O3, and Cu2O have been
used as semiconductor photoelectrodes due to their photocatalytic properties [6,7]. However, most of
the aforementioned metal oxide materials respond most efficiently to UV light, owing to their large
bandgap (higher than 3.2 eV), while the bulk of solar radiation reaching the surface of the earth lies
in the visible to near-infrared (NIR) regions [8]. Due to the limited range of absorption, there is a
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significant need to enhance the photocatalytic properties of metal oxides. Enhancement has been
achieved by decorating the semiconductors with dyes, quantum dots, or noble metal/plasmonic
nanoparticles [1,9].

Noble metal nanoparticles have been employed in various applications due to their unique
chemical and physical properties that are typically different from the properties of the bulk material.
One of the most interesting properties of noble metal nanoparticles, such as gold, silver, and copper,
is the localized surface plasmon resonance (LSPR) [10,11]. Surface plasmon resonance occurs when the
frequency of incident light matches the collective oscillation of surface electrons in the conduction band
of the metal. Moreover, the LSPR extinction band can be tuned by varying the size, shape, morphology,
and composition of the nanoparticles [12].

Coating a dielectric layer on metallic nanoparticles has the advantage of preventing bulk-metal
behavior due to physical contact with neighboring particles or aggregation of unmodified metal
nanoparticles. In other words, the dielectric shell plays an important role in enhancing the stability of
metal nanoparticles. It is important to employ dielectric materials that are chemically inert, especially for
plasmonic enhancement applications, because the optical properties of metal nanoparticles strongly
depend on their size and shape. Furthermore, the aggregation of metal nanoparticles has a tremendous
effect on the LSPR peak position, which leads to a change in the photo-responsive range of the materials.
The SiO2 shell can maintain the original optical properties of the metal nanoparticles under high light
intensity [13].

Additionally, the thickness of the SiO2 interlayer (i.e., the layer found between the noble metal
nanoparticle and a photocatalytic material) has been reported to have an effect on enhancing the
photocatalytic activity of photocatalysts [9,14]. The Li group reported the photocatalytic efficiency
of an Ag@SiO2@TiO2 triplex core-shell photocatalyst as the thickness of the SiO2 interlayer was
varied, and the authors found an increase in photocatalytic efficiency as the SiO2 thickness was
decreased [9]. Unfortunately, the use of silver nanoparticles for these types of applications have
the major drawback of their photo-responsive range being limited to only the visible region. As an
alternative photoresponsive material, bimetallic core-shell nanoparticles (i.e., nanoshells) exhibit
strong plasmon resonances shifted to longer wavelengths, compared to the plasmon resonance of the
corresponding solid metal nanospheres, due to plasmonic coupling [15,16]. Specifically, gold-silver
nanoshells (GS-NSs), due to their tunable LSPR peak in the range of visible to near-IR light, are good
candidates to act as photosensitizers for photocatalysts. Furthermore, the Lee group also observed the
benefits of having a silica interlayer between GS-NSs and a zinc indium sulfide (ZIS) outer layer when
these composite particles were used as photocatalysts for hydrogen generation via water splitting [14].
Mechanistic studies showed that the silica interlayer blocks the transfer of hot electrons from the GS-NSs
to ZIS [14]. Compared to GS-NSs with no SiO2 coating and those coated with 42 nm of SiO2, the use of a
SiO2 coating 17 nm thick showed the greatest hydrogen production (2.6-fold increase compared to ZIS
alone). The enhanced production observed for the sample with the thinnest SiO2 shell was attributed
to a limited distance for the SPR-generated electromagnetic field to be effective, which translates to
higher coupling between the ZIS photocatalyst and the GS-NS core. Therefore, a thinner SiO2 shell in
the aforementioned type of photocatalyst can plausibly lead to plasmon-enhanced hydrogen evolution
in water-splitting reactions.

A plethora of reports have been published on the synthesis of SiO2 shells on metal nanoparticles,
with the most common route being modified Stöber methods by addition of tetraethoxysilane in
ethanol solution [17]. Additionally, for aqueous media, Mulvany and co-workers have reported a
method for the formation of thin silica shells [18]. Following this method, thicker SiO2 shells can be
obtained by using the Stöber method after transferring the thin silica-coated particles into ethanol
solution [18]. Furthermore, depending on the concentration of the silica precursors, the Stöber method
can yield silica shells with a thickness in the range of 20 to 100 nm. Given the thickness ranges
the aforementioned methods yield, there are only a limited number of literature examples that
report highly reproducible methods to synthesize homogenous ultra-thin SiO2 shells on nanoparticle
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surfaces, especially on rough surfaces such as those on hollow gold-silver alloy nanoshells. As a
result, we sought out to develop a reproducible method for the synthesis of homogenous ultra-thin
SiO2 shells on GS-NSs. Herein, we describe the synthesis of hollow gold-silver nanoshells via the
technique known as galvanic replacement [19] to give three distinct GS-NS samples having LSPR peaks
centered at ~500, ~700, and ~900 nm. Each of the three types of synthesized GS-NSs were then coated
with SiO2 having three different thicknesses (~2, ~10, and ~15 nm) by varying the concentration of
(3-aminopropyl)trimethoxysilane (APTMS) and sodium silicate in the solution mixture.

2. Materials and Methods

2.1. Materials

All reagents were purchased from the indicated suppliers and used without further
purification. Silver nitrate was purchased from Mallinckrodt (Staines-upon-Thames, United Kingdom).
Trisodium citrate, potassium iodide (KI), ascorbic acid, (3-aminopropyl)trimethoxysilane (APTMS),
and sodium silicate solution were purchased from Aldrich (St. Louis, MO, USA). Potassium carbonate
was purchased from J. T. Baker (Phillipsburg, NJ, USA). Hydrogen tetrachloroaurate(III) hydrate was
purchased from Strem (Newburyport, MA, USA). Water was purified to a resistivity of 18 MΩ.cm
(Academic Milli-Q Water system; Millipore Corporation (Burlington, MA, USA)). All of the glassware
used during the experiments were cleaned in a base bath, followed by aqua regia solution (3:1 HCl:HNO3),
and then dried in the oven and cooled prior to use.

2.2. Preparation of Silver Nanoparticles Cores

Silver nanoparticles (Ag NPs) were prepared by modifying the KI-assisted ascorbic acid/citrate
reduction protocol [20] and the method of Lee and Meisel [21]. Specifically, 1 mL of a 5 mM aqueous
solution of ascorbic acid (AA) was added into 95 mL of boiling water, followed by boiling for an
additional 1 min. An aliquot of AgNO3 (0.0167 g, 0.100 mmol) was dissolved in 2 mL of water, and then
2 mL of 1% trisodium citrate solution and 50 μL of 7 μM KI solution were added. The mixture was
placed in an ultrasonic bath for 5 min and was injected into the boiling solution of ascorbic acid.
The solution was brought to reflux for 1 h at 120 ◦C while stirring. The color of the solution quickly
changed from colorless to yellow and turned yellowish green after 5 min of reaction, consistent with
the presence of silver nanoparticles. The solution was allowed to cool to room temperature (rt) and
centrifuged at 8000 rpm for 15 min. The nanoparticles were then redispersed in 12.5 mL water.

2.3. Preparation of Hollow Gold-Silver Nanoshells (GS-NSs)

The hollow GS-NSs were prepared by following an adaptation of a previously reported method [19,22]
involving the use of a gold salt (K-Au) solution as the reducing agent. Specifically, 0.025 g of K2CO3

was added to 100 mL of water. After 5 min of vigorous stirring, 2 mL of 1% HAuCl4·H2O solution was
injected. The color of the mixture changed from yellow to colorless after 30 min of reaction. The flask
was covered with aluminum foil to shield it from light and was kept in the refrigerator overnight before
being used. To deposit gold on the silver nanoparticles and etch their cores [19,22], various amounts
of K-Au solution (10–100 mL) were added to 10 mL of silver nanoparticle solution under vigorous
stirring. After 5 h, the solution was centrifuged at 7000 rpm for 15 min. The nanoshells were then
redispersed in 10 mL of water at a concentration of 1.0 × 1010 particles/mL.

2.4. Preparation of Silica-Coated Hollow Gold-Silver Nanoshells

Silica-coated hollow GS-NSs were prepared by modification of a previously reported synthetic
method [23]. Specifically, 2.5 mL of as-prepared GS-NS suspension was diluted to 40 mL and then
mixed with 1 mL of 0.6–1.2 mM APTMS under the vigorous stirring. The mixture was heated to 80 ◦C,
followed by the addition of 10–35 μL of sodium silicate solution. The solution was brought to reflux for
3 h under stirring. The solution was allowed to cool to rt and centrifuged at 6000 rpm for 20 min, and the
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supernatant decanted. The as-prepared nanoparticles were then redispersed in ethanol. This procedure
was repeated three times to remove the residual small silica nanoparticles. Finally, the as-prepared
nanoparticles were redispersed in 10 mL of ethanol for characterization and application.

2.5. Characterization of SiO2-Coated Gold-Silver Nanoshells

The size evaluation and imaging of the as-prepared nanoparticles were performed using a
LEO-1525 scanning electron microscope (LEO Electron Microscopy Inc., NY, USA)(SEM) operating
at an accelerating voltage of 1.5 kV. All samples were prepared by dropping diluted colloidal
nanoparticles onto a silicon wafer and drying in an oven for 15 min. To confirm the size and
morphology of nanoparticles at a high resolution, a JEM-2000 FX transmission electron microscope
(JEOL, Tokyo, Japan)(TEM) operating at an accelerating voltage of 200 kV was used. All samples
were deposited on 300 mesh holey carbon-coated copper grids and dried overnight before analysis.
UV-Vis spectra were obtained using a Cary 50 scan UV-visible spectrometer (Agilent Technologies,
CA, USA) over a wavelength of 200 to 1000 nm to measure the optical properties. The uncoated
nanoparticles and SiO2-coated GS-NSs were suspended in water and ethanol, respectively, for the
measurement. Energy-dispersive X-ray spectroscopy (EDX) data were collected by an EDX attached
to the focused ion beam (FIB) instrument and by EDX attached to a JEOL-2200 transmission electron
microscope (JEOL, Tokyo, Japan)(TEM) operating at an accelerating voltage of 200 kV.

3. Results and Discussion

3.1. Synthesis of the Hollow Gold-Silver Nanoshells

Monodisperse silver nanoparticles having uniformly spherical shapes were synthesized by
modifying a KI-assisted ascorbic acid/citrate reduction protocol. The ascorbic acid was used as the
predominant reducing reagent of AgNO3, while KI was used to control the growth of Ag NPs via the
adsorption on [111] facets [20]. Citrate has a minor role on the reduction of AgNO3 and is mainly
used as a stabilizing agent on the newly formed Ag NPs [20]. Using the Ag NPs as starting materials,
hollow gold-silver nanoshells were successfully synthesized via galvanic replacement [22]. As shown
in Equation (1), Ag can be oxidized to Ag+, and the gold salts can be reduced to Au0 when the K-Au
solution is added to the silver nanoparticle cores. This reaction occurs because the standard reduction
potential of the Au3+/Au pair is higher than that of the Ag+/Ag pair, as shown in Equations (2) and (3).

3Ag + Au3+→ 3Ag+ + Au (1)

Ag+ + e− → Ag E0 = 0.80 V (2)

Au3+ + 3e− → Au E0 = 0.99 V (3)

Silica-coated hollow gold-silver nanoshells were synthesized using a modification of a previously
reported method to coat the GS-NSs with ~2, ~10, and ~15 nm silica shells [23]. As shown in Scheme 1,
APTMS was used as a surface-directing agent, and sodium silicate (Na2SiO3) solution was used as the
silica precursor to coat the GS-NSs. The NH2 groups of APTMS bind to the surface of the GS-NSs and
the Si(OMe)3 groups are available for hydrolysis and condensation with Na2SiO3 to deposit a silica
layer [23].
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Scheme 1. Synthesis of silica-coated hollow gold-silver nanoshells (GS-NS).

3.2. Morphology and Optical Properties of the Hollow Gold-Silver Nanoshells

The morphologies of the GS-NSs were evaluated using SEM, as shown in Figure 1. Before performing
the galvanic replacement with K-Au solution, we determined that the diameter of the silver nanoparticles
was in the range of 50–60 nm (Figure 1a). Previous literature has established that addition of K-Au
solution to the silver nanoparticles used for their reduction produces small pinholes, and that the
pinholes became larger with increasing amounts of K-Au solution [22]. Regardless of the pinhole
formation typically observed during the aforementioned process, the GS-NSs retained a diameter of
50–60 nm after the galvanic replacement reaction. The change observed in the morphology of the
noble nanoparticles has an effect on their tunable optical properties, which leads to advantages in
various kinds of optical applications, including enhanced photocatalysis in a specific region of light,
and photothermal treatments and colorimetric sensors [24–26].

Figure 1. Scanning electron microscopy (SEM) images of (a) silver nanoparticles and gold-silver
nanoshells synthesized by adding (b) 12.5 mL, (c) 30 mL, and (d) 150 mL of K-Au solution.

3.3. Optical Properties of the Hollow Gold-Silver Nanoshells

Figure 2 illustrates the extinction spectra of silver nanoparticles and GS-NSs prepared using three
different amounts of K-Au solution. The uncoated silver nanoparticles exhibit a sharp LSPR peak
at ~430 nm. Upon increasing the amount of K-Au solution, the Au shell thickness of the GS-NSs
decreases, and the LSPR peak shifts to a longer wavelength. Specifically, the GS-NSs synthesized
with a 1:1 ratio of silver nanoparticles to K-Au solution showed an LSPR extinction peak at ~500 nm.
Upon increasing the amount of K-Au solution to 1:3 and 1:15 of silver nanoparticles to K-Au solution,
the GS-NSs exhibited LSPR extinction peaks at ~700 and ~900 nm, respectively. The LSPR peak is
highly tunable in its position and is strongly dependent on the size of the nanoshell as well as shell
thickness [22]. Furthermore, shifts in the LSPR position of the GS-NSs also depends on the composition
of the nanoparticles. The amount of gold in the GS-NSs is proportional to the amount of K-Au solution
added into the silver nanoparticles’ suspension. Therefore, adjusting the silver and gold ratios in the
GS-NSs can be achieved by varying the amount of K-Au solution, which ultimately can be used to
tune the LSPR of the GS-NSs into the visible light to near-IR regions.
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Figure 2. Extinction spectra of Ag NPs and gold-silver nanoshells having LSPR maxima at 500,
700, and 900 nm, denoted as GS-NS (500), GS-NS (700), and GS-NS (900). LSPR = localized surface
plasmon resonance

3.4. Composition of the Hollow Gold-Silver Nanoshells

Additionally, TEM-EDX was used to identify the change of silver and gold atomic concentration
in the as-prepared GS-NS nanoparticles. As summarized in Table S1 in the Supplementary Materials,
the composition of GS-NS (500) showed a 5:1 ratio of Ag/Au. The Ag/Au ratio decreased when the
LSPR peak position shifted to a longer wavelength. The Ag/Au ratios of GS-NS (700) and GS-NS (900)
decreased to 2:1 and 1:1, respectively. The decrease of the Ag/Au ratio is consistent with the increase of
K-Au solution to the silver nanoparticles suspension ratio used in the galvanic replacement reaction.
As discussed in the previous section, Au3+ in the K-Au solution can be reduced to form Au0 on the
nanoparticles, while the Ag atoms in original silver nanoparticle cores are dissolved in the solution as
Ag+ and etched from the nanoparticles [22].

3.5. Morphology of the SiO2-Coated Gold-Silver Nanoshells

The GS-NSs synthesized with varying amounts of K-Au solution were each further coated with
a silica shell. In these experiments, we observed that the silica shell thickness could be controlled
by changing the concentration of APTMS and the sodium silicate solution, as shown in Table 1.
Controllable silica shells with thicknesses of ~2, ~10, and ~ 15 nm were successfully coated on GS-NSs
using this method. As mentioned above, APTMS acts as a surface-directing agent that binds to the
surface of the GS-NSs, while the Si(OMe)3 tails react with the sodium silicate solution via hydrolysis
reactions. Therefore, adjusting the concentration of the sodium silicate solution is an important
parameter for controlling the thickness of the SiO2 layer on the surface of the GS-NSs. We note, however,
that the concentration of APTMS is also an important factor for controlling the thickness of the SiO2

shell, as demonstrated by the thin SiO2 shell obtained from the GS-NS suspension when using low
concentrations of APTMS (see Table 1).
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Table 1. Concentration and volume of colloidal GS-NS suspension and silica precursors used to obtain
silica shells of varying thicknesses.

Nanoparticles
APTMS Na2SiO3

Silica Shell Thickness (nm)
Concentration (μM) Volume (mL) Volume (μL)

2.5 mL
GS-NS (500)

0.6 1.0 10 2.1 ± 1.0
1.0 1.0 25 11.5 ± 1.7
1.5 1.0 35 15.8 ± 1.0

2.5 mL
GS-NS (700)

0.6 1.0 10 1.9 ± 1.0
1.0 1.0 25 9.5 ± 0.9
1.5 1.0 35 16.0 ± 2.7

2.5 mL
GS-NS (900)

0.6 1.0 10 2.2 ± 1.3
1.0 1.0 25 9.8 ± 0.8
1.5 1.0 35 15.1 ± 1.0

Figure 3 shows SEM and TEM images of the SiO2-coated hollow GS-NS (900) having three
different SiO2 thicknesses (~2, ~10, and ~15 nm). The SEM images indicate that the silica shell was
homogenously coated on the surface of the individual GS-NSs. Importantly, the same procedure
was applied to the GS-NSs with three different LSPR extinction peaks at 500, 700, and 900 nm to
confirm the reproducibility of the synthesis method. As shown in Figure S1 in the Supplementary
Materials, the GS-NSs with three different LSPR extinction peak positions (GS-NS (500), GS-NS (700),
and GS-NS (900)) were successfully coated with the targeted silica thicknesses using this method.
Moreover, as shown in the SEM images, coating with SiO2 shells caused no changes to the original
morphologies of the hollow gold-silver nanoshells, which is consistent with the observed negligible
effect on the optical properties of the GS-NSs (vide infra). The silica shell thickness distributions of
the aforementioned nanoparticles were analyzed by using ImageJ version 1.53d. As summarized in
Table 1, the average shell thickness of the SiO2-coated GS-NS (500) nanoparticles synthesized with
three different conditions were 2.1 ± 1.0, 11.5 ± 1.7, and 15.8 ± 1.0 nm, respectively. In the case of the
SiO2-coated GS-NS (700) nanoparticles, the silica shell thickness was controllable at 1.9 ± 1.0, 9.5 ± 0.9,
and 16.0 ± 2.7 nm. Finally, the silica shell thicknesses of the SiO2-coated GS-NS (900) nanoparticles
were 2.2 ± 1.3, 9.8 ± 0.8, and 15.1 ± 1.0 nm, respectively.

Figure 3. SEM and TEM images of silica-coated hollow gold-silver nanoshells with 900 nm LSPR
extinction maxima. The thicknesses of the silica shell are (a,d) ~2 nm, (b,e) ~10 nm, and (c,f) ~15 nm.

We note, however, that due to the limited resolution of the SEM images, the thicknesses of the
silica shells are not clearly resolved in the SEM images. Consequently, we used TEM to confirm the
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thickness of the silica shells on the individual nanoparticles. As a representative example, Figure 3d–f
show TEM images of SiO2-coated GS-NS (900) nanoparticles having different silica shell thicknesses.
The thicknesses determined from the TEM images were in good agreement with the thicknesses
determined from the SEM images (see Table 1 and Figure 3).

To provide further evidence of the silica shell on the GS-NSs following our controllable,
reproducible method, TEM-EDX was used. The line spectra, shown in Figure S2 in the Supplementary
Materials, confirms the presence of Si arising from the SiO2-shell, validating that silica shells can be
grown with controllable thickness simply by changing the concentration of APTMS and sodium silicate
in the solution. Supplementary Figure S2b shows the presence of gold, silver, and silicon in the line
spectrum of SiO2-coated GS-NSs with a 2 nm SiO2 shell. The blue line of Si corresponding to the SiO2

shell shows ~2 nm Si atop the Ag and Au represented in green and red. The Si layer increases to ~10
to ~15 nm in the line spectra of SiO2-coated GS-NSs having ~10 and ~15 nm SiO2 shell thicknesses,
respectively. Additionally, upon the increase of SiO2 thickness, the relative Si magnitude in the TEM line
spectra of SiO2-coated GS-NSs having ~10 and ~15 nm shell thicknesses (Supplementary Figure S2d,f)
is increased compared to Si in the SiO2-coated GS-NSs having 2 nm shell thicknesses. These results
provide further confirmation that the thicknesses of the SiO2 shells can be precisely controlled using
our method.

In a recent study, Lee et al. noted that a thin silica interlayer in a GS-NS@SiO2@ZIS nanocomposite
enhanced hydrogen production efficiency [14]. The aforementioned nanocomposite was used as a
photoelectrode in the photoelectrochemical water-splitting reaction for producing hydrogen gas [14].
As described above, the GS-NS@SiO2@ZIS nanocomposite with a 17 nm silica interlayer exhibited
higher hydrogen production efficiency compared to the thicker silica shell (~42 nm) and a sample
without a silica interlayer. Specifically, the GS-NS@SiO2@ZIS nanocomposites with a 17 nm SiO2

interlayer showed a hydrogen evolution rate of 0.131 ± 0.03 L/m2·h, while the GS-NS@SiO2@ZIS
nanocomposites with a 42 nm SiO2 interlayer and those with no silica interlayer were approximately
0.07 and 0.09 L/m2·h, respectively. The SiO2-coated GS-NSs synthesized herein, shown in Figure 3,
possess even thinner coatings than the SiO2 interlayers in the nanocomposites evaluated by Lee et al.,
making them prime candidates for photocatalytic hydrogen production.

3.6. Elemental Composition of the SiO2-Coated Gold-Silver Nanoshells

SEM-EDX data were collected to identify the elemental composition of the SiO2-coated
GS-NSs. Figure 4 shows the presence of gold (Mα and Lα peaks at 212 and 971 eV, respectively),
silver (Lα peak at 305 eV), and silicon (Kα peak at 174 eV) in the samples. The presence of copper
peaks (Lα and Kα peaks at 93 and 894 eV, respectively) arise from the Cu tape used as the substrate in
the SEM-EDX samples.

Figure 4. EDX spectra of (a) gold-silver nanoshells and (b) SiO2-coated gold-silver nanoshells having a
2 nm thick silica shell.

48



Materials 2020, 13, 4967

Furthermore, TEM-EDX was used to confirm the atomic concentration of silicon in the as-prepared
SiO2-coated GS-NSs having varied thicknesses. As summarized in Table S2 in the Supplementary
Material, the atomic percentage of silicon systematically increased across the series of samples.
Specifically, for the SiO2-coated GS-NS (500) nanoparticles, the atomic percentage of Si increased from
15% for the ~2 nm thick sample to 41% and 71% for the ~10 and ~15 nm thick samples, respectively.
The same trend was also observed for the SiO2-coated GS-NS (700) nanoparticles (i.e., 16%, 57%,
and 66%) and the GS-NS (900) nanoparticles (i.e., 13%, 58%, and 75%). These results further confirm
that SiO2-coated GS-NSs with ultrathin silica shells can be successfully synthesized by this method in
a controllable manner.

3.7. Optical Properties of the SiO2-Coated Hollow Gold-Silver Nanoshells

Figure 5 shows the extinction spectra of the as-prepared nanoparticles with LSPR peak maximum
at ~900 nm. Upon coating the GS-NSs with silica, the LSPR peak of the nanoparticles slightly shifted to a
longer wavelength when compared to the uncoated GS-NSs. Specifically, the GS-NS (900) nanoparticles
exhibited an LSPR extinction maximum at 850 nm, which shifted to 868, 870, and 873 nm for the
SiO2-coated GS-NSs having ~2, ~10, and ~15 nm thick SiO2 shells, respectively. This small shift
is likely due to a difference in the refractive index of SiO2 (1.49) as compared to water (1.33) [23].
We note also that the extinction maxima of the SiO2-coated GS-NSs having the three different silica
thicknesses (~2, 10, and 15 nm) are essentially the same due to the broadness of the LSPR extinction
peak (see Figure 5). This result demonstrates that the thickness of the silica shell has a minimal impact
on the extinction spectra and thus the optical properties of the gold-silver nanoshells.

Figure 5. Extinction spectra of SiO2-coated GS-NS (900) with three different silica shell thicknesses.

4. Conclusions

We have successfully synthesized hollow gold-silver nanoshells coated with silica shells of varying
thicknesses by tuning the concentration of (3-aminopropyl)trimethoxysilane and sodium silicate
solutions. Our strategy proceeded via the synthesis of silver nanoparticles (cores) in the size range
of 60–80 nm using a modified KI-assisted citrate procedure followed by the formation of hollow
gold-silver nanoshells via galvanic replacement. Extinction spectra of the GS-NSs demonstrated that
these particles are tunable in the visible to NIR region (500–900 nm) by varying the ratio of silver
nanoparticles to K-Au solution. Analyses by SEM and TEM were used to establish the size and
morphology of the as-prepared nanoparticles and the thickness of the silica coating. The TEM images
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showed that the silica shell can be obtained at thicknesses of 2, 10, and 15 nm atop the GS-NSs following
our method. Importantly, we note that neither of the three obtained SiO2 shells had detrimental effects
on the localized surface plasmon resonance (LSPR) peak of the gold-silver nanoshells. On the whole,
the studies described herein demonstrated that SiO2-coated GS-NSs having ultrathin silica shells are
promising materials for plasmon-enhanced photocatalytic applications [9,14].

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/21/4967/s1,
Table S1: EDX-Derived Composition of GS-NSs with Different LSPR Extinction Peaks, Figure S1: SEM images of
silica-coated GS-NSs with different LSPR peak positions. (a–c) GS-NS (500), (d–f) GS-NS (700), and (g–i) GS-NS
(900) with ~2, ~10, and ~15 nm, respectively, Figure S2: STEM images and corresponding EDX line scan spectra of
SiO2-coated GS-NSs with (a, b) 2 nm, (c, d) 10 nm, and (e, f) 15 nm silica shell, Table S2: EDX-Derived Composition
of the SiO2-Coated GS-NSs.
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Abstract: Heavy metal ions are not subject to biodegradation and could cause the environmental
pollution of natural resources and water. Many of the heavy metals are highly toxic and dangerous to
human health, even at a minimum amount. This work considered an optical method for detecting
heavy metal ions using colloidal luminescent semiconductor quantum dots (QDs). Over the past
decade, QDs have been used in the development of sensitive fluorescence sensors for ions of
heavy metal. In this work, we combined the fluorescent properties of AgInS2/ZnS ternary QDs
and the magnetism of superparamagnetic Fe3O4 nanoparticles embedded in a matrix of porous
calcium carbonate microspheres for the detection of toxic ions of heavy metal: Co2+, Ni2+, and Pb2+.
We demonstrate a relationship between the level of quenching of the photoluminescence of sensors
under exposure to the heavy metal ions and the concentration of these ions, allowing their detection
in aqueous solutions at concentrations of Co2+, Ni2+, and Pb2+ as low as ≈0.01 ppm, ≈0.1 ppm,
and ≈0.01 ppm, respectively. It also has importance for application of the ability to concentrate and
extract the sensor with analytes from the solution using a magnetic field.

Keywords: magnetic–luminescent structure; hybrid system; ternary quantum dots; magnetic
nanoparticles; iron oxide; calcium carbonate microspheres; sensor

1. Introduction

The industrial development has resulted in constantly increasing levels of heavy metal
contamination in the environment [1,2]. To reduce environmental pollution, it is necessary to
determine heavy metal ions in soil [3,4] and water resources [5,6]. The detection and selective
quantitative definition of heavy metal ions in nature-conservation resources or biological samples have
been an important research area for a long time. The development and creation of sensors based on
nanoparticles (NPs) have experienced significant growth over the past decades [7–9].

Traditional methods for heavy metal analysis include atomic absorption spectrometry [10,11],
inductively coupled plasma mass spectrometry [12,13], and different electrochemical analyses, e.g.,
potentiometric techniques [14]. However, these methods have complex sample preparation processes, low
stability, and are not compatible with different environments, which significantly limits their applicability.

An alternative method is optical detection. The optical research via fluorescence or colorimetric is
the most convenient and hopeful method due to its simplicity and high sensitivity of detection [15,16].
In this area, the application of ion-sensitive luminescent quantum dots (QDs) has been of special
interest because of different photophysical properties, customizable structures, and the ability to bind to
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various ligands, and the possibility integrates into the various hybrid systems with different functional
properties while conserving their luminescence properties [17–19].

Many QDs sensor systems are based on binary cadmium compounds, which are hydrophobic toxic
compounds [20–22]. Alternative Cd-free nanomaterials are QDs with ternary compositions based on
silver or copper, AgInS2, and CuInS2 QDs, which also possess a set of physicochemical properties [23–26]
necessary for creating luminescent sensors of toxic compounds. Their photoluminescent (PL) properties
are characterized by high quantum PL yield (QYs) ≥ 50% in the visible region from 400 to 1000 nm
in the near-infrared (NIR) region after shell growth with, for example, a ZnS semiconductor [24].
Another distinctive characteristic of ternary QDs is broad PL bands with a full width at half-maximum
(FWHM) from 100 nm, which slightly overlaps the QD absorption spectrum (Stokes shifts ≈1 eV [27]),
in which there is no sharp first exciton peak [28]. Moreover, ternary QDs show long PL lifetimes of
some hundred nanoseconds [27,28]. Previous studies demonstrate the possibility of using AgInS2 and
CuInS2 QDs in methods for detecting heavy metal ions [29–31].

In addition to detection, it is also important to remove heavy metal ions from the contaminated
environment. One of the cleaning methods is sorption using various mesoporous materials, for example,
Ca-based materials [32]. Calcium carbonate (CaCO3) crystals are widely used for the manufacturing
of carriers containing various embedded nanoparticles or biologically active compounds [33–35].
Nowadays, these CaCO3 crystals (vaterite form) are one of the most popular approaches for matrix
formation due to their easy synthesis [36,37], low dispersion, control over crystal size (in the micrometer
and submicrometer range [38]), and spherical shape [39], which makes these crystals an attractive
candidate for many applications [38,39].

In this work, we focus on the design of AgInS2-based sensors for the most common toxic heavy
metal ions, Co2+, Ni2+, and Pb2+, which can accumulate in the human body and cause acute or chronic
diseases [40,41]. The sensor is a hybrid complex based on a matrix of porous CaCO3 microspheres
doped by Fe3O4 magnetic nanoparticles. The surface of the spheres is covered by a shell of several
layers of polyelectrolytes. This system combines the properties of several different components, such as
the absorption properties of CaCO3 microspheres [42], the photoluminescent properties of AgInS2/ZnS
QDs, and the magnetic properties of Fe3O4 nanoparticles.

2. Materials and Methods

2.1. Materials

All reagents purchased from Sigma-Aldrich, Steinheim, Germany, were used without further
purification. In all procedures, deionized Hydrolab water was used.

To synthesize AgInS2/ZnS QDs, we used indium(III) chloride (InCl3), silver nitrate (AgNO3),
zinc(II) acetate dihydrate (Zn(Ac)2), sodium sulfide (Na2S·9H2O), an aqueous solution of ammonia
hydrate (NH4OH), thioglycolic acid (TGA), and isopropyl alcohol.

To synthesize Fe3O4 magnetic nanoparticles, we used (tris(acetylacetonato)iron(III)), triethylene
glycol (TEG), tetrahydrofuran (THF).

To synthesize CaCO3 microspheres, we used sodium carbonate (Na2CO3), calcium chloride
(CaCl2), poly(sodium 4-styrenesulfonate) sodium salt (PSS, Mw = 70 kDa) and poly(allylamine
hydrochloride) (PAH, Mw = 70 kDa).

The aqueous solutions of heavy metals were prepared by dissolving the salts of metals (cobalt(II)
nitrate, nickel(II) sulfate, lead(II) chloride) in water.

2.2. Methods

2.2.1. Synthesis of Fe3O4 Nanoparticles

The magnetic Fe3O4 nanoparticles were prepared by mixing iron (III) triacetylacetonate and TEG.
In the synthesis, 1 mmol of iron precursor and 24 mL of triethylene glycol were added to a three-necked
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flask under magnetic stirring. The mixture was degassed at up to 90 ◦C and kept for 60 min under
vacuum. After degassing and flushing with argon, the solution was heated to 275 ◦C and kept for 2 h
under a constant Ar flow. After the synthesis, the NCs were washed with THF by centrifugation and
then dissolved in water for storage.

2.2.2. Synthesis of AgInS2/ZnS QDs

For the synthesis of AgInS2 quantum dot cores, 1 mL of AgNO3 water solution (0.1 М), 2 mL of
TGA water solution (1.0 М), and 0.2 mL of NH4OH (5.0 М) water solution were added to 92 mL of
water under magnetic stirring and ambient conditions. Then, 0.45 mL of NH4OH solution (5.0 М) and
0.9 mL of InCl3 water solution (1.0 М) containing 0.2 МHNO3 were added. After that, the solution
changed its color from yellow to colorless. After adding 1 mL of 1.0 МNa2S water solution (1.0 М),
the resultant solution was heated at 95 ◦C for 30 min by a water bath. For ZnS shell growth on the
surface of AgInS2, 1 mL of TGA solution (1.0 М) and 1 mL of Zn(Ac)2 solution (1.0 M) containing 0.01
МHNO3 was added.

After the synthesis, the AgInS2/ZnS quantum dot solution was cooled and concentrated using
rotary evaporation. For the size-selection procedure, the aggregation of quantum dots was initiated
by adding 0.5 mL of isopropyl alcohol and subsequent centrifugation at 10,000 rpm for 5 min.
The precipitate was separated and marked further as fraction #1. This procedure was repeated until
the solution was fully discolored. Here, we used quantum dots with a luminescence peak at ≈600 nm.

2.2.3. Preparation of CaCO3-Fe3O4-AgInS2/ZnS (CFA) Fluorescent Sensor

Na2CO3 (0.33 M; 700 μL), CaCl2·2H2O (0.33 M; 700 μL), and Fe3O4 nanoparticles (50 μL
concentrated aqueous solution) were added to a round-bottom flask. The resulting solution was stirred
for 30 s, after which the resulting spheres were centrifuged for 40 s at 3000 rpm. Then, precipitated
CaCO3-Fe3O4 microspheres were washed twice with H2O.

The next step was to extend the shell using the Layer-by-Layer (LbL) method. First, 1 mL of PAH
solution (6 mg/mL, 0.5 M NaCl, and pH 6.5) was added to the precipitated CaCO3-Fe3O4 spheres.
The resulting dispersion was shaken for 10 min. Excess polyelectrolyte was removed by washing with
water and centrifuging (30 s at 4000 rpm). The procedure was repeated twice. Then, the procedure was
repeated using PSS solution (6 mg/mL, 0.5 M NaCl, and pH 6.5). After triple coating with polymer
layers (PAH/PSS/PAH), 100 μL of a QDs stock solution was added to the spheres. The dispersion was
shaken for 10 min. The excess QDs, by analogy with polyelectrolytes, were centrifuged and washed
with water. After the QDs layer, a double layer of PSS and PAH was applied to the spheres.

The resulting fluorescent sensors based on CaCO3 microspheres were dispersed in water.

2.3. Equipments

A spectrophotometer UV-3600 (Shimadzu, Kyoto, Japan) and spectrofluorometer FP-8200 (Jasco,
Tokyo, Japan) were used for recording the absorption and PL spectra of the samples, respectively.
The SEM and STEM images of the studied samples were taken with a Merlin (Zeiss, Oberkochen,
Germany) scanning electron microscope while a FEI Titan electron microscope operating at a voltage
of 300 kV was used for getting the TEM image of Fe3O4 nanoparticles. The transmitted light images
were obtained with a LSM-710 (Zeiss, Oberkochen, Germany) laser scanning confocal microscope
equipped with a microobjective of NA = 0.95. The photoluminescence (PL) decay curves of the sample
were obtained with a laser scanning confocal microscope MicroTime 100 (PicoQuant, Berlin, Germany)
equipped with a pulsed light source with the 80 ps pulses at a repetition rate of 0.2 MHz and a Time
Correlated Single Photon Counter (TCSPC) detector. The size of magnetic nanoparticles was determined
by dynamic light scattering (DLS) using a Malvern Zetasizer Nano (Malvern, Worcestershire, UK).
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3. Results

The formation of the CFA fluorescent sensor was produced (made) in two steps (scheme Figure 1a).
In the first step, the CaCO3-Fe3O4 microspheres have been formed by using concentrated aqueous
solutions of Na2CO3 and CaCl2 and magnetic Fe3O4 nanoparticles of 5–6 nm mean size. Magnetic Fe3O4

nanoparticles are located inside the pores of CaCO3 spheres providing a brownish color of CaCO3-Fe3O4.
The SEM (STEM) images of CaCO3 microspheres, doped by Fe3O4 nanoparticles, Fe3O4 magnetic
nanoparticles, and AgInS2/ZnS QDs stabilized with TGA are shown in Figure 1b–d, respectively.

Figure 1. (a) Scheme of a two-stage synthesis of a magnetic luminescent sensor based on CaCO3

microspheres, (b−e) SEM and STEM images of the sensor components: (b) CaCO3 microspheres,
doped by Fe3O4 nanoparticles, (c) Fe3O4 magnetic nanoparticles, (d) AgInS2/ZnS quantum dots
(QDs) stabilized with thioglycolic acid (TGA), (e) CFA (CaCO3-Fe3O4-AgInS2/ZnS) microspheres with
polyelectrolyte shell poly(allylamine hydrochloride)/poly(sodium 4-styrenesulfonate) (PAH/PSS). Inset
in (e) shows a typical dynamic light scattering (DLS) size-distribution plot.

The resulting CFA microspheres with polyelectrolytic shell PAH/PSS were characterized by
scanning electron microscopy, DLS, UV-Vis, and photoluminescent steady-state and transient
microscopy. Their SEM images are presented in Figure 1e and show spherical microparticles with
a mean size of ≈4 μm. DLS measurements showed that an average hydrodynamic diameter of the
CaCO3-Fe3O4 microsphere is about 3.5–4 μm as determined from the analysis of the size-distribution
profile (Figure 1e, inset).

The next step was the formation of polyelectrolyte multilayers and the deposition of the QDs
layer on a surface of the microspheres by LbL method. Oppositely charged electrostatically interacting
polymers and QDs have deposited alternately on the surface of microspheres [43–45]. In this work, we
used PAH and PSS polymers and QDs AgInS2/ZnS core/shell capped with the hydrophilic ligand TGA.
To heighten the PL properties and stability of the AgInS2 cores, the cores were passivated by a protective
ZnS shell. The resulting stable solution QDs AgInS2/ZnS core/shell had a mean size of ≈5 nm and with
a PL QY 30%. At first, two double layers of PAH/PSS polyelectrolytes were deposited on the surface of
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CaCO3-Fe3O4; then, AgInS2/ZnS QDs were applied over the first layers of the polyelectrolytes shell by
electrostatic adsorption using the LbL method. Finally, an additional protective PAH/PSS double layer
was placed on the microsphere surface. The resulting CFA fluorescent sensor is illustrated in Figure 1e.

The optical and magnetic properties of the CFA microspheres are illustrated in Figure 2.

Figure 2. Optical and magnetic properties of the CFA fluorescent sensor. (a) Photos of the accumulation
of the microspheres to magnetic bar under UV light, (b) Absorption (solid line) and photoluminescent
(PL) (dash/dotted line) spectra of the CFA fluorescent sensor and AgInS2/ZnS QDs in water (orange
AgInS2/ZnS QDs, red CaCO3-Fe3O4 microspheres, and green CFA fluorescent sensor), (c) Confocal
transmitted light images of the CFA microspheres, (d) Fluorescence-Lifetime Imaging Microscopy
(FLIM) images of the CFA microspheres, (e) PL decay curves of the CFA microspheres and the aqueous
dispersion of the initial AgInS2/ZnS QDs. The PL measurements shown in panels (b−e) were done at
350 nm excitation.

The magneto-fluorescent properties of CFA allow easily concentrating sensors with a magnet or
detect their PL under ultraviolet light, as shown in Figure 2a.

The absorption spectra of the AgInS2/ZnS QDs, the CaCO3-Fe3O4 microspheres, and fluorescent
CFA sensors are shown in Figure 2b. It is seen that the absorption spectrum of CaCO3-Fe3O4

microspheres contains a noticeable contribution from elastic scattering, which is caused by the rather
large size of the microspheres. The absorption of AgInS2/ZnS QDs is characterized by a broad and
peak-less spectrum with the absorbance increasing gradually in the shortwave region. The absorption
spectra of CaCO3-Fe3O4 microspheres and AgInS2/ZnS QDs additively contribute to the absorption
spectrum of the CFA microspheres.

The PL spectra of the CFA microspheres and the AgInS2/ZnS QDs in aqueous solution are shown
in Figure 2b. This PL spectrum demonstrates a broad and symmetric luminescence band in the visible
and NIR region, similar to that of the AgInS2/ZnS QDs in water. Inclusion of the AgInS2/ZnS QDs into
polymer layers on the surface of CaCO3-Fe3O4 microspheres leads to a small redshift of the PL band as
compared to that in solution, which is most likely due to the interaction between close QDs. Confocal
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transmitted light and FLIM images of the CFA microspheres presented in Figure 2c,d, respectively,
show that luminescent QDs are embedded in the surface layer of the microspheres of about 3–4 μm in
diameter, demonstrating bright PL response.

As in the case of the AgInS2/ZnS QDs in the solution, the PL decay of the QDs in the CFA
microspheres is characterized by multiexponential decay kinetics, which is a characteristic property of
the PL of ternary QDs that originates from the complicated structure of the low-energy states of the
AgInS2 QDs [46]. At the same, an average PL lifetime, calculated by the formula:

<τ> = ΣAiτi
2/ΣAiτi,

where Ai is the amplitude and τi is the decay time of the i-th exponent, which for the embedded QDs of
about 200 ns is remarkably smaller than that of 350 ns for the QDs in aqueous solution. This difference
that is seen in Figure 2e shows that embedding QDs in the surface layer of microspheres results in the
appearance of the nonradiative channel of the PL decay.

To demonstrate the ability of our fluorescent sensor for the optical detection of heavy metal ions
Co2+, Ni2+, and Pb2+, aqueous metal solutions with a concentration of 0.001 M were prepared. To the
CFA solution with a volume of 100 μL per 3 mL of water, metal salt solutions were added with a
volume of 3 to 300 μL. Then, the optical properties of the CFA in the presence of heavy metal ions
were studied.

The results presented in Figure 3 show that the photoluminescence intensity decreases with an
increase in the concentration of heavy metals ions. It is not surprising, since the core–shell AgInS2/ZnS
QDs has the stabilizer of thioglycolic acid, which forms the negatively charged layer on the surface of
the nanocrystals. The quenching of the PL is observed due to the Coulombic interaction of positively
charged metal ions from the analyte with the negative organic shell [47]. Data on the ion concentration
dependence of the QD PL are reproduced in three independent experiments, which are reflected
in values of corresponding PL intensity measurement errors in the right panels of Figure 3. With
low concentrations of Co2+ ions, a significant decrease in the luminescence intensity of the sensor
is observed (Figure 3a). These suggest a high sensitivity of the fluorescent sensor for Co2+ ions.
The sensitivity of the sensor for Ni2+ and Pb2+ was lower by an order of magnitude (Figure 3b,c,
respectively). Inserts in Figure 3 (right panel) show in detail the measured PL reduction with the
addition of the smallest amount of the Co2+, Ni2+, and Pb2+ ions. A simple estimation of low limits of
ion concentrations in solution by measuring the reduction of the sensor PL intensity as compared with
the ion-free solution within experimental errors of ≈1–2%, gives concentrations of 10−8 M Co2+ and
10−7 M Ni2+ and Pb2+ even without optimization of the sensor parameters. These values are close to the
detection limit reported in [48] for a dissociative CdSe/ZnS QD/PAN complex for luminescent sensing
of metal ions in aqueous solutions and orders of magnitude higher for Co(II) and for Ni(II) obtained
by colorimetric (absorption) measurements with 1-(2-pyridilazo)-2-naphtol (PAN) as a complexing
reagent in the aqueous phase using the non-ionic surfactant Tween 80 [49]. The difference in the
luminescence extinguishing of ternary quantum dots by Co2+, Ni2+, and Pb2+ is not quite understood
at the moment and is the subject of consideration.

At the same time, it should be noted that despite the good sensitivity, the proposed fluorescent
sensor does not exhibit selectivity for ions recognition. Therefore, its practical use is limited by
a quick on-line preliminary analysis of the presence of heavy metal ions in water samples and a
recommendation for further detailed analysis of the elemental composition of ions.
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Figure 3. Quenching the CFA sensor luminescence upon increasing concentration heavy metal ions
in aqueous solution. Left panel—PL band of CFA sensors as a function of the concentration of the
Co2+, Ni2+, and Pb2+ ions. Right panel—integrated luminescence intensity ratio (I0/I) dependence on
the concentration of heavy metal ions for (a) Co2+, (b) Ni2+, (c) Pb2+; insets show the regions of low
ions concentration.

Due to the presence of magnetic Fe3O4 nanoparticles in the microspheres, the sensor with
absorbed metal ions can be removed from the solution using a magnetic field, for example, for
further analysis of the chemical and/or elemental composition of toxic impurities. To demonstrate
this phenomenon, the 20 μL of a 0.001 M aqueous solution of Co2+ ions was added to the sensor
based on CFA microspheres. In this case, a decrease up to 35% of the initial value was observed in the
intensity of the photoluminescence of the sensor (Figure 4b). After the sensor was removed from the
test solution using a magnet, the purified solution was again analyzed using the CFA sensor at the
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same amount (Figure 4c–d). The intensity of luminescence was practically unchanged compared to
the solution without metal ions and it decreased by 15%, which indicates a significant decrease in the
content of metal ions. This result suggests that the microspheres were successfully absorbed by the
heavy metal ions Co2+ in solution.

Figure 4. (a) PL spectra of the CFA fluorescent sensor without heavy metal ions, (b) PL spectra of the
CFA fluorescent sensor with Co2+ ions in comparison with a solution without the presence of heavy
metal ions (dashed line), (c) PL spectra of the solution after removing the CFA fluorescent sensor, (d) PL
spectra of the solution after adding a new portion of CFA sensor in comparison with a solution without
the presence of heavy metal ions (dashed line).

This result suggests that the microspheres successfully absorb the heavy metal ions in solution,
which might be concentrated by the magnetic field e.g., further analytical and (micro)biological
applications in flow cytometry.

4. Conclusions

In this work, we obtained a sensor based on a porous matrix, which is microspheres of calcium
carbonate doped by magnetic Fe3О4 nanoparticles and luminescent AgInS2/ZnS QDs. The magnetic
properties of Fe3О4 and photoluminescent properties of QDs AgInS2/ZnS were combined, yielding
highly magnetic and luminescent calcium carbonate microspheres as magneto-fluorescent sensors
of heavy metal ions in aqueous solutions. To demonstrate the potential of sensors for sensitivity to
in heavy metal ions, the microspheres CaCO3-Fe3O4-AgInS2/ZnS were placed in aqueous solutions
containing Co2+, Ni2+, and Pb2+ ions with various concentrations. By measuring the quenching the
PL of the sensor in the presence of heavy metal ions, we demonstrated the possibility of metal ions
detection down to a concentration of 10−8 M Co2+ and 10−7 M Ni2+, and Pb2+ (≈0.01 ppm, ≈0.1 ppm,
and ≈0.1 ppm, respectively).
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The main distinguishing feature of the proposed sensor from the luminescent sensors previously
reported, e.g., [50,51] is the presence of magnetic properties; therefore, in this work, we also demonstrate
the ability to concentrate and remove the sensor from the analyzed system together with ions
of the analyzed metals for their precise identification, for example, by the inductively coupled
plasma mass spectrometry. These concentrations of ions, which could cause a statistically significant
quenching of sensors PL, are much lower than their maximum allowable concentration in natural water.
It opens prospects of CaCO3-Fe3O4-AgInS2/ZnS sensors for developing methods for the environmental
monitoring of heavy metal ions.
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45. Martynenko, I.V.; Kusić, D.; Weigert, F.; Stafford, S.; Donnelly, F.C.; Evstigneev, R.; Gromova, Y.; Baranov, A.V.;
Rühle, B.; Kunte, H.-J.; et al. Magneto-fluorescent microbeads for bacteria detection constructed from
superparamagnetic Fe3O4 nanoparticles and AIS/ZnS quantum dots. Anal. Chem. 2019, 91, 12661–12669.
[CrossRef] [PubMed]

46. Hamanaka, Y.; Ogawa, T.; Tsuzuki, M.; Kuzuya, T. Photoluminescence properties and its origin of AgInS 2
quantum dots with chalcopyrite structure. J. Phys. Chem. C 2011, 115, 1786–1792. [CrossRef]

47. Chen, J.; Zheng, A.; Gao, Y.; He, C.; Wu, G.; Chen, Y.; Kai, X.; Zhu, C. Functionalized CdS quantum dots-based
luminescence probe for detection of heavy and transition metal ions in aqueous solution. Spectrochim. Acta
Part A Mol. Biomol. Spectrosc. 2008, 69, 1044–1052. [CrossRef] [PubMed]

48. Baranov, A.V.; Orlova, A.O.; Maslov, V.G.; Toporova, Y.A.; Ushakova, E.V.; Fedorov, A.V.; Cherevkov, S.A.;
Artemyev, M.V.; Perova, T.S.; Berwick, K. Dissociative CdSe/ZnS quantum dot-molecule complex for
luminescent sensing of metal ions in aqueous solutions. J. Appl. Phys. 2010, 108, 074306. [CrossRef]

49. Shar, G.A.; Soomro, G.A. Spectrophotometric determination of cobalt (ii), nickel (ii) and copper (ii) with 1-(2
pyridylazo)-2-naphthol in micellar medium. Nucleus 2004, 41, 77–82.

50. Mahapatra, N.; Panja, S.; Mandal, A.; Halder, M. A single source-precursor route for the one-pot synthesis of
highly luminescent CdS quantum dots as ultra-sensitive and selective photoluminescence sensor for Co 2+
and Ni 2+ ions. J. Mater. Chem. C 2014, 2, 7373. [CrossRef]

51. Parani, S.; Oluwafemi, O.S. Selective and sensitive fluorescent nanoprobe based on AgInS 2 -ZnS quantum
dots for the rapid detection of Cr (III) ions in the midst of interfering ions. Nanotechnology 2020, 31, 395501.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

63





materials

Article

Hydrothermal Synthesis and Optical Properties of
Magneto-Optical Na3FeF6:Tb3+ Octahedral Particles

Zhiguo Zhao 1,*,† and Xue Li 2,*,†

1 Key Laboratory of Electromagnetic Transformation and Detection of Henan province, Luoyang Normal
University, Luoyang 471934, China

2 School of Materials Science and Engineering, Zhejiang Sci-Tech University, Xiasha University Town,
Hangzhou 310018, China

* Correspondence: zhiguo.zhao@tom.com (Z.Z.); lixue5306@163.com (X.L.)
† Z.Z. and X.L. contributed equally.

Received: 13 December 2019; Accepted: 9 January 2020; Published: 10 January 2020
��������	
�������

Abstract: Sodium iron hexafluoride (Na3FeF6), as a colorless iron fluoride, is expected to be an ideal
host for rare earth ions to realize magneto-optical bi-functionality. Herein, monodispersed terbium
ions (Tb3+) doped Na3FeF6 particles are successfully synthesized by a facile one-pot hydrothermal
process. X-ray diffraction (XRD) and Field emission scanning electron microscopy (FESEM) reveal
that the Tb3+ doped Na3FeF6 micro-particles with regular octahedral shape can be assigned to a
monoclinic crystal structure (space group P21/c). Under ultraviolet light excitation, the Na3FeF6:Tb3+

octahedral particles given orange-red light emission originated from the 5D4→7FJ transitions of the
Tb3+ ions. In addition, the magnetism measurement indicates that Na3FeF6:Tb3+ octahedral particles
are paramagnetic with high magnetization at room temperature. Therefore, the Na3FeF6:Tb3+ powders
may find potential applications in the biomedical field as magnetic-optical bi-functional materials.

Keywords: magnetic-optical bi-functional materials; hydrothermal process; down-conversion
luminescence; Na3FeF6:Tb3+

1. Introduction

Bi-functional materials with distinct magnetic and fluorescent (luminescent) properties have
received considerable attention [1,2] due to their potential applications in magnetic resonance
imaging [3], targeted drug delivery [4], sensors [5,6], optical isolators [7–9], high accuracy
communication [10], and aircraft guidance [11]. To date, there have been a few reports about
the synthesis of magnetically-functionalized luminescent materials based on quantum dots (QDs) and
organic dyes [12]. However, QDs features notorious disadvantages including chemical instability,
potential toxicity, luminescent intermittence and weakly magnetic, while organic dyes typically exhibit
rapid photobleaching and a low fluorescence quantum yield [13]. As a result, biological applications
of these materials have been seriously restricted.

Rare-earth (RE) ions doped inorganic materials can be considered as alternative luminescent
materials in which the above limitations are partly circumvented [14,15]. Nowadays, great efforts have
been devoted to the design and fabrication of magneto-optical bi-functional systems based on RE-doped
up-conversion or down-conversion materials, such as Gd2O3: Er3+/Yb3+ [16], GdPO4: Eu3+ [17], YVO4:
Er3+ [18], Tb0.94Pr0.06VO4 [19] and NaYF4: Yb, Ho [20]. However, studies of magneto-optical effects
usually have to rely on materials with a high magnetic movement, which are usually non-transparent.
On the other hand, the introduction of strong magnetic (ferromagnetic) materials can be achieved
by fabricating magnetic-core/luminescent-shell structures, such as the Fe3O4@LaF3:Yb3+, Er3+ [21],
Fe3O4@α-NaYF4/Yb [13] and Fe3O4@ZnO:Er3+,Yb3+ [22]. However, the preparation processes for

Materials 2020, 13, 320; doi:10.3390/ma13020320 www.mdpi.com/journal/materials65



Materials 2020, 13, 320

core-shell structures is complicated, and more importantly, magnetic oxide, Fe3O4, strongly absorbs
visible light and quenches fluorescence of the RE ions [23]. Therefore, use of a colorless, strongly
magnetic host is of great importance for the development of magneto-optical bifunctional materials.

In this work, colorless Tb3+ ions doped sodium iron hexafluoride (Na3FeF6:Tb3+) containing a
high centration of paramagnetic ion (Fe3+) is synthesized through a simple hydrothermal process.
The Na3FeF6:Tb3+ particles give distinct visible emission under excitation by UV light and its
luminescence intensity is optimized by adjusting Tb3+ doping concentration. The investigation of
the magnetic property reveals that the Na3FeF6:Tb3+ particles are paramagnetic at room temperature.
These results indicate that Na3FeF6:Tb3+ particles might be promising as a new platform for exploiting
magnetic-optical functionalities.

2. Materials and Methods

2.1. Synthesis of Na3FeF6:Tb3+ Particles

The reagents used in this work were analytical-grade Fe(NO3)3·9H2O (99.99%), NH4HF2 (99%),
NaF (99%), HF (40%), and Tb(NO3)3·6H2O (99.99%) (Xiya Reagent, Shandong, China). Samples with a
different molar ratio of Tb3+ to Fe3+ (5%, 10%, 15%, 18%, and 20%) were synthesized by a hydrothermal
method under the same conditions. Here, we take Na3FeF6:18%Tb3+ as an example to present the
detailed preparation procedure. The process mainly involves four steps: (1) 14 mL of Fe(NO3)3·9H2O
solution (0.1 M), 14 mL of NaF solution (0.5 M), 42 mL of NH4HF2 solution (0.5 M), and 3 mL of HF
were mixed under vigorous magnetic stirring for 30 min; (2) 2.7 mL Tb(NO3)3·6H2O was added to the
above solution under vigorous magnetic stirring for 3 h; (3) after stirring for 3 h, the above solution
was transferred into a Teflon-lined stainless steel autoclave (capacity 100 mL), which was heated at
190 ◦C for 12 h and cooled naturally to room temperature; (4) the obtained sample was washed by
deionized water for several times and dried at 60 ◦C overnight.

2.2. Characterization

Phase identification of the as-prepared samples were carried out by X-ray diffraction (XRD)
(X’Pert Pro, PANalytical BV, Netherland) with Cu Kα radiation (λ = 1.5418 Å). The microstructure
and element mapping of particles were observed with a Field emission scanning electron microscopy
(FESEM) (Hitachi Ltd., Tokyo, Japan) equipped with an energy dispersive spectroscopy (EDS). UV-Vis
(ultraviolet-visible) absorption, transmission, and reflectance spectra of particles were acquired in an
UV-Vis spectrophotometer (Model: U3600P) with an integrating sphere using BaSO4 as a standard
reference. Photoluminescence excitation and emission spectra were obtained using two spectrometers
(Omni-λ3007 and Omni-λ180D; Zolix, Beijing, China) and a 150 W Xenon lamp as the excitation
source. The Commission International de I’Eclairage (CIE) chromaticity coordinates of sample were
calculated by CIE 1931 software (V.1.6.0.2). Magnetic properties were collected on a Quantum Design
superconducting quantum interference device (SQUID) magnetometer (MPMS XL-7).

3. Results and Discussion

Figure 1 shows the typical XRD patterns of the Tb3+ doped Na3FeF6 samples synthesized with
different doping concentrations of Tb3+ (5%, 10%, 15%, 18%, and 20%). The diffraction peaks of all
samples clearly match that of the standard pattern of Na3AlF6 (JCPDS no. 12-0907), indicating the
structure of obtained samples is isomorphic with cryolite-like structures (Na3AlF6 and Na3CrF6) that
belongs to the space group P21/c [24–26]. This result agrees with previous report about the structure of
Na3FeF6 [27]. The three-dimensional crystal structure of Na3FeF6:Tb3+ is shown in Figure 2. There
are three different sodium sites, namely Na1, Na2, and Na3, as highlighted in Figure 2b. Na1 site is
located at the distorted octahedral site of (NaF6), Na2 site is located at the bi-pyramid site of (NaF5),
and the Na3 site is located at the distorted tetrahedral site of (NaF4). As can be observed from the
crystal structure (Figure 2a), Na1 octahedral and Na3 tetrahedral share corners. Na1 octahedral share
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edges with Na2 bipyramid. Furthermore, all Fe atoms are located at the distorted FeF6 octahedral
sites. FeF6 octahedra share corners with Na1 octahedral and Na3 tetrahedral share edges with Na2
bi-pyramid. In this structure, Fe3+ sites can be taken by Tb3+ ions in Tb doped Na3FeF6. According to
the Bragg equation (2dSinθ = nλ), d increases with the decreasing of θ. Figure 1 shows that diffraction
peak of Na3FeF6:Tb3+ is all shifted to the left compared with that of Na3AlF6 due to the larger ionic
size of Fe3+ as compared with that of Al3+. As concentration of the Tb ions increases from 5% to
18%, the diffraction peak gradually shifts to the left, diffraction angle θ decreases. This result can be
explained by the substitution of Fe3+ (ionic radius = 0.65 Å) [28] by Tb3+ with a larger ionic radius
(0.92 Å) [29]. Therefore, the lattice constant would increase with the increase in the concentration of
Tb ions in the lattice. The diffraction peaks of the Na3FeF6 with 18% Tb3+ doping are the highest,
indicating the best crystallinity. The increase of Tb3+ concentration above 18% leads to growth of
lattice strain that prevents the further enhancement of crystallization. To further confirm the ions of
Tb3+ is present in the form of Tb-F and Na3FeF6:18%Tb3+ powder was analyzed by XPS (Figure S1).
The XPS spectrum shows the presence of Na, F, Fe and Tb elements. Figure S1b shown the XPS spectra
of Tb(Ds-4s), Na(2p), F(2s), Fe(3p), Tb(4d) from Na3FeF6:18%Tb3+ and the relatively strong peaks
at around 7.5, 152 eV can be assigned to the binding energy of Tb (Ds-4s) and Tb (4d), respectively.
The peak around 24.7 eV is attributed to the binding energy of Na(2p). The binding energy of F(2s)
around 30.3 eV and F(1s) around 684.9 eV are found in spectra of XPS (Figure 1b,d). The Fe(3p) peaks
show a doublet around 56.3 and 59.1 eV, corresponding to structure of FeF3 and FeF2, respectively.
The result in accordance with the discussion of the XRD patterns of the Tb3+ doped Na3FeF6.

 
Figure 1. X-ray diffraction (XRD) patterns for samples of the Na3FeF6:Tb3+ with different Tb3+-doping
concentrations.

Figure 2. (a) Three-dimensional crystal structure of Na3FeF6:Tb3+. (b) Three different sodium sites in
the Na3FeF6 crystal structure.

The Na3FeF6:18%Tb3+ particles are then observed by FESEM equipped with an energy dispersive
spectroscopy (EDS) device. Figure 3a–c show the FESEM images with low magnification (a) and
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high magnification (b,c). It can be observed from Figure 3a that the as-prepared samples consist of
randomly distributed octahedral particles with a relatively uniform size and shape (edge lengths
are approximately 10 μm). As the magnification increases (Figure 3c), it can be seen clearly that the
surfaces of the octahedron are almost smooth, but covered by a few small sized particles. EDS analysis
was then used to determine the distribution of elements, as illustrated in Figure 3c. The results confirm
the dominance of four elements:F, Fe, Na and Tb. In addition, the corresponding EDS mapping images
given in Figure 3d–g reveal that all the elements are distribute homogeneously in the particles and Tb
ions are successfully doped into the lattice of Na3FeF6.

Figure 3. (a–c) Field emission scanning electron microscopy (FESEM) images of the Na3FeF6:18%Tb3+

powders and (d–g) the corresponding energy dispersive spectroscopy (EDS) mapping for elements
image F, Fe, Na, and Tb.

To confirm the optical response of the particles in the UV-Vis range, absorption spectra was
detected by an UV-Vis spectrophotometer. As shown in Figure 4, all samples exhibit obvious ultraviolet
absorption at wavelength short than 300 nm, which can be attributed to transition of the 4f electronic
ground state to the 5d energy levels, namely 4f8→4f7

5d1 energy levels transitions of Tb3+ [30]. The f-f
transitions of the Tb3+ in the wavelength region of 300-400 nm are relatively weak and these peaks at 355
and 380 nm by f-f transitions of Tb3+ are almost invisible in the absorption spectra [31]. The transmission
spectra and the reflectance spectra of the Na3FeF6:18%Tb3+ particles correspond to the absorption
spectra (as shown in Figure S2).

Figure 4. Ultraviolet-visible (UV-Vis) absorption spectra of Na3FeF6:Tb3+ particles with different
Tb3+-doping concentrations.
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In order to further study the optical properties of the Na3FeF6:Tb3+ particles, excitation and
emission spectra are measured by fluorescence spectrometers. Figure 5 presents the excitation and
emission spectra, and CIE 1931 chromaticity coordinates of the samples together with the energy level
diagram of Tb ions. As shown in Figure 5a, the excitation spectra of Na3FeF6:18%Tb3+ are measured
for the emission wavelength of 592 nm. It can be observed that the excitation spectra consist of sharp
and intense bands with peak positions at 355 and 375 nm along with weak bands at 280 and 320 nm,
which can be assigned to the 7F6→5L10, 7F6→5G6, 7F6→3H6 and 7F6→5D1 transitions of the Tb3+,
respectively [32–34].

Figure 5. (a) Excitation spectrum of Na3FeF6:18%Tb3+; (b) emission spectra of Na3FeF6:Tb3+ particles
with different Tb3+-doping concentrations; (c) CIE 1931 chromaticity diagram of Na3FeF6 doped with
different concentration of Tb3+; (d) simplified energy levels diagram of the Tb ions.

Since the peak of 375 nm is the strongest in the excitation spectrum, the emission spectra
are recorded at this excitation wavelength for Na3FeF6:Tb3+ particles with different Tb3+-doping
concentrations. As can be seen from Figure 5b, the emission spectra in the region of 455–700 nm exhibit
seven peaks at 490, 544, 560, 592, 617, 642, and 696 nm due to 5D4→7F6, 7F5, 7F5, 7F4, 7F3, 7F2 and 7F0

transitions, respectively [35–38]. Among the seven peaks, five peaks at 490, 544, 592, 617, and 642
nm are much stronger, while the other two peaks (560 and 696 nm) are relatively weak. In addition,
among the five samples, the luminescence intensity is strongest when the doping concentration of
Tb3+ is 18%, and the highest luminescence peak is at 592 nm. The emission spectrum is converted to
the CIE 1931 chromaticity coordinates using the photoluminescence data to better characterize the
emission color of the samples. From the CIE 1931 chromaticity diagram (Figure 5c), it is found that
all samples emit orange-red light, which is different from the traditional green light emission of Tb3+

ions. This may be due to the use of a new host (Na3FeF6) which favors the emission in the longer
wavelengths. Furthermore, Figure 5c shows that as the doping concentration of Tb ions increases,
the luminescence intensity first increases and then decreases, and the luminescence is strongest at the
doping concentration of 18%, which is consistent with the emission spectrum (Figure 5b). The CIE
coordinates of Na3FeF6:18%Tb3+ are X = 0.5103 and Y = 0.4155, which show a typical orange-red color.

In order to better understand the luminescence mechanism of the samples, we combined the
energy level diagram of Tb ions (Figure 5d) and take the luminescence at 592 nm as an example to
explain the involved electronic transitions. Upon excitation by ultraviolet light (UV-light), Tb3+ ions
are promoted from the ground state (7F6) to the excited state (for example 5L10, 5G6). Subsequently,
the level 5D4 of Tb3+ ions is populated by radiation-free transition. Finally, the Tb3+ ions relax to the
ground state (7F4) by giving visible emission at around 592 nm. The visible luminescence at other
wavelengths is similar to the emission at 592 nm.
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Figure 6a shows the temperature-dependence magnetization plots (M-T) in a temperature range
between 5 K and 300 K in a 2000 Oe field of Na3FeF6:Tb3+ particles. It is found that the magnetization
decreases rapidly from about 24.74 emu/g at 5 K to 1.06 emu/g at 50 K, and then slowly decreases with a
temperature increase from 50 K to 300 K, typical for paramagnetic materials. The magnetization versus
magnetic field (M-H) curves at 300 K of Na3FeF6:18%Tb3+ particles obtained by SQUID magnetometry
are presented in Figure 6b. As the strength of the applied magnetic field increasing, the ideal linear
correlation between the magnetization and the applied magnetic field was obtained, indicating that
Na3FeF6:Tb3+ possesses paramagnetism. The results show that the synthesized samples might be used
as magneto-optical bifunctional materials.

Figure 6. (a) Temperature-dependent magnetization (M-T) curves measured at 2000 Oe for Na3FeF6:18%Tb3+

particles; (b) magnetization versus magnetic field (M-H) curve at 300 K of Na3FeF6:18%Tb3+ particles.

4. Conclusions

In summary, monodispersed Na3FeF6:Tb3+ octahedral particles have been successfully synthesized
by a facile one-pot hydrothermal process and the results of XRD and SEM indicated that Na3FeF6:Tb3+

octahedral belong to a monoclinic crystal structure (space group P21/c). The Na3FeF6:Tb3+ octahedral
particles emit orange-red colored light attributed to the 5D4 → 7FJ transitions of the Tb3+ ions.
The luminescence intensity of the Na3FeF6:Tb3+ reaches maximum at Tb3+ doping concentration of
18%. The M-T and M-H curves confirm that Na3FeF6:Tb3+ particles are paramagnetic with a high
magnetic moment. These results indicate that the obtained Na3FeF6:Tb3+ octahedral particles might be
used as a magnetic-optical bi-functional material for various potential applications in biomedical fields
and magneto-optical modulation.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/2/320/s1.
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Abstract: Liquid crystals (LCs) are organic materials characterized by the intermediate properties
between those of an isotropic liquid and a crystal with a long range order. The LCs possess strong
anisotropy of their optical and electro-optical properties. In particular, LCs possess strong optical
nonlinearity. LCs are compatible with silicon-based technologies. Due to these unique properties,
LCs are promising candidates for the development of novel integrated devices for telecommunications
and sensing. Nematic liquid crystals (NLCs) are mostly used and studied. Smectic A liquid crystals
(SALCs) have a higher degree of long range order forming a layered structure. As a result, they have
lower scattering losses, specific mechanisms of optical nonlinearity related to the smectic layer
displacement without the mass density change, and they can be used in nonlinear optical applications.
We theoretically studied the nonlinear optical phenomena in a silicon-SALC waveguide. We have
shown theoretically that the stimulated light scattering (SLS) and cross-phase modulation (XPM)
caused by SALC nonlinearity can occur in the silicon-SALC waveguide. We evaluated the smectic
layer displacement, the SALC hydrodynamic velocity, and the slowly varying amplitudes (SVAs) of
the interfering optical waves.

Keywords: silicon photonics; optical waveguide; smectic A liquid crystal (SALC); stimulated light
scattering (SLS)

1. Introduction

Liquid crystals (LCs) are promising candidates for applications in novel integrated devices for
telecommunications, sensing, and lab-on-chip bioscience [1]. These applications are based on the
unique optical properties of LC. The orientational energy of LC molecules is comparatively small,
and for this reason they are characterized by an easy susceptibility to external field perturbation [2].
As a result, the LC effective refractive index can be controlled by an external electric field which
may be used for optical transmission, reflection, switching, and modulation applications [2]. LCs are
highly nonlinear optical materials because their properties such as temperature, molecular orientation,
density, and electronic structure can be easily perturbed by an applied optical field [2].

The liquid crystal on silicon technology (LCOS) is widely used in telecommunications [3,4].
The basic element of the LCOS technology is the LCOS cell consisting of the LCOS backplane,
LC layer and cover glass [3,4]. The LCOS cell can simultaneously perform the electrical and optical
functions [3,4]. The photonic applications of the LCOS devices include the spatial light modulation
(SLM), the holographic beam steering, optical wavelength selective switching, and the optical power
control [4]. The LCOS SLM technology is a promising candidate for the so-called structured light
where the optical field amplitude, phase, and polarization can be controlled spatially while the time
and frequency spectrum can be controlled temporally [3]. Nonlinear silicon photonics can be used
in on-chip optical signal processing and computation due to its low cost and compatibility with
CMOS technology [5]. The development of nonlinear silicon photonics is limited by the absence of the
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second-order nonlinear susceptibility χ(2) due to centrosymmetric structure of Si, comparatively low
third-order nonlinear susceptibility χ(3), the two-photon absorption (TPA) and free carrier absorption
(FCA) [5]. To mitigate these disadvantages new materials with better nonlinear properties may be
integrated with silicon. In such a case, the new materials may improve the nonlinearity of an optical
device while silicon can confine the optical modes to nanoscale [5]. The organic nonlinear materials
with a large χ(3) can be used for the creation of a silicon-organic hybrid waveguide [5]. In particular,
liquid crystals (LCs) may be used as a waveguide core where the modulation and switching of photonic
signals is possible by using electro-optic or nonlinear optic effects [1,6–13].

We briefly discuss the basic properties of LCs. LCs are characterized by the properties intermediate
between solid crystalline and liquid phases [2,14]. LCs flow like liquids, but possess a partial long
range order and anisotropy of their physical parameters such as dielectric constants, elastic constants,
viscosities, nonlinear susceptibilities [2]. Various phases in which such materials can exist are called
mesophases [2]. There are three types of LCs: thermotropic LCs, polymeric LCs, and lyotropic
LCs [2,14].

(1) Lyotropic LCs can be obtained in a solution with an appropriate concentration of a material.
(2) Polymeric LCs are the polymers consisting of the monomer LC molecules.
(3) Thermotropic LCs self-assemble in various ordered arrangement of their crystalline axis

depending on the temperature.

Thermotropic LCs are most widely used and studied because of their extraordinary linear,
electro-optical, and nonlinear optical properties and the possibility to control the transitions between
different mesophases by varying the operating temperature [1,2]. The thermotropic LCs consist
of elongated molecules with the direction of their axes determined by the unit vector −→n called
director [2,14]. The long range ordering of LC mesophase is characterized by the director spatial
distribution [2,14]. There exist three main types of thermotropic LCs: nematic LC (NLC), cholesteric
LC (CLC), and smectic LC (SLC) [2,14]. NLC molecules are centrosymmetric in such a way that −→n and
−−→n are equivalent, the molecules are positionally random, but they are mostly aligned in the direction
defined by the director −→n [2,14]. CLC consists of chiral molecules, or they may be obtained by adding
of chiral molecules to NLC [2]. As a result, they exhibit a helical structure where the direction −→n of
the molecular orientation rotates in space around the helical axis with a period of about 300 nm [2].
The phase transition between the nematic and smectic A phases had been investigated both theoretically
and experimentally in a large number of publications (see, for example, [2,15–22]). It is essentially
the second kind phase transition [18]. The phase transition temperature TSmA−N may be different for
different LC materials. For example, for 8CB TSmA−N ≈ 307 K, for 9CB TSmA−N ≈ 321 K [22].

SLC are characterized by the positional long range order in the direction of the elongated molecular
axis and possess a layered structure with a layer thickness of about 2 nm approximately equal to
the length of a SLC molecule [2,14]. Inside the layers, molecules are not ordered and represent a
two-dimensional liquid [2,14]. There are different SLC phases [2,14].

(1) Smectic A LC (SALC) where the long axes of the molecules are perpendicular to the layer plane.
(2) Smectic B LC where the hexagonal in-layer ordering of the molecules perpendicular to the layer

plane exists.
(3) Smectic C LC where the molecules are tilted with respect to the layers.
(4) Smectic C∗ LC consisting of the chiral molecules and possessing the spontaneous polarization.
(5) So-called exotic smectic phases.

The nonlinear optical phenomena such as degenerate and nondegenerate wave mixing,
optical bistabilities and instabilities, self-focusing and self-guiding, phase conjugation, stimulated
light scattering (SLS), optical limiting, interface switching, beam combining, and self-starting laser
oscillations have been observed in liquid crystalline materials [14,23]. NLCs are mainly studied and
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used in linear and nonlinear optical applications [2,4,23]. For instance, in NLC the optically induced
director axis reorientation results in the so-called giant optical nonlinearity (GON) with the nonlinear
refractive index coefficient nNL

2 ∼ 10−4 − 10−3 cm2/W [14]. However, NLCs are characterized by
large losses and relatively slow responses limiting their integrated electro-optical applications [2].
The light scattering properties of SALC thin film waveguide have been studied both theoretically and
experimentally [24]. The scattering losses in smectic waveguides caused by dynamic distortions of
the smectic layer planes are several orders of magnitude lower than in nematic waveguides [2,24],
and SLCs may be used in nonlinear optical applications [2]. Recently, the reconfigurable smectic layer
curvature has been studied [25]. The using of the external electric field to create the dynamic variations
of the smectic layer configuration attracted a wide interest [25]. The different types of the periodic
focal conic domain (FCD) arrays with the domain size, shape, orientation, and lattice symmetry
controlled by external fields can be obtained [25].The applications of SALC such as soft-lithographic
templates, superhydrophobic surfaces, microlens arrays, and optically selective photomasks have been
developed [25].

The nonlinear optical phenomena in SALC have been investigated theoretically [26–36]. It has
been shown that the light self-focusing, self-trapping, Brillouin-like SLS, and four-wave mixing (FWM)
related to the light enhanced smectic layer normal displacement u

(−→r , t
)

occur in SALC under certain
conditions. The nonlinear effects based on this nonlinearity mechanism specific for SALC are strongly
anisotropic, and the corresponding SLS gain coefficient is significantly larger than the one in the case
of the Brillouin SLS in isotropic organic liquids. The nonlinear interaction of the surface plasmon
polaritons (SPPs) in the metal-insulator-metal (MIM) waveguide has been analyzed [36]. In particular,
it has been shown theoretically that the strong SLS of the transverse magnetic (TM) even modes can
occur in the optical slab waveguide with a SALC core [35].

In this paper, we investigated in detail SLS in the Silicon-SALC slab waveguide. We discussed in
detail the peculiarities of different types of LCs and concentrated on the optical properties of SALC.
We derived the SALC layer equation of motion and the truncated equations for the optical wave
slowly varying amplitudes (SVAs). We discussed the contribution of the TM even and odd modes
and the transverse electric (TE) modes of the Silicon-SALC waveguide. We solved simultaneously the
Maxwell equations including the nonlinear polarization for the waveguide modes and the equation
of motion for the smectic layer normal displacement u

(−→r , t
)

in the optical wave field. We evaluated
u
(−→r , t

)
and the hydrodynamic velocity −→v (−→r , t

)
in the SALC core of the waveguide. We obtained

the novel explicit solutions for the SVAs of the interfering waveguide modes and made numerical
estimations of the waveguide mode parameters and the gain. The results of the numerical estimations
are presented in Figures 2–8. The paper is constructed as follows. The theoretical model is presented in
Section 2. The nonlinear polarization in the waveguide SALC core is evaluated in Section 3. The SVAs
of the pumping and signal TM waveguide modes and the hydrodynamic velocity of smectic layers are
calculated in Section 4. The conclusions are presented in Section 5.

2. Theoretical Model

A typical LC slab waveguide represents a LC thin film with a thickness of about 1 μm sandwiched
between two glass slides of lower refractive index than LC [2]. One of slides is covered with an organic
film. The input laser radiation is inserted into the film via the coupling prism [2]. The laser excites
the TE and/or TM modes in the film which are then introduced into the LC core [2]. Such a structure
can be placed on a Si substrate [8]. One of the claddings can be made of SiO2 [8]. For the sake of
definiteness, we consider the homeotropically oriented SALC core where the molecular elongated
axes are perpendicular to the waveguide claddings and the smectic layer planes parallel to them.
The structure of the optical slab waveguide with a homeotropically oriented SALC core is shown in
Figure 1.
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Figure 1. Optical slab waveguide with the homeotropically oriented SALC core of the thickness 2d.
Ex,z, Hy and Ey, Hx,z are the electric and magnetic fields of the TM and TE modes, respectively.

Optical waves interact through the nonlinear polarization in a medium [37]. Generally, different
types of SLS are described by the coupled wave equations for the light waves and for the corresponding
material excitations [37]. The wave equation for electric field

−→
E

(−→r , t
)

of the optical wave propagating
in a nonlinear medium has the form [37].

curl curl
−→
E + μ0

∂2−→D L

∂t2 = −μ0
∂2−→D NL

∂t2 (1)

where μ0 is the free space permeability,
−→
D L and

−→
D NL are the linear and nonlinear parts of the electric

induction, respectively.
The SLS in the liquid crystalline waveguide with a SALC core is described by the coupled

wave equations of the type (1) for the waveguide modes and the hydrodynamic equations for SALC.
The SALC hydrodynamics in general case is very complicated taking into account the anisotropy
and including the fluctuations of the mass density ρ, the layer displacement u

(−→r , t
)

along the Z axis
normal to the layers and the change of the director −→n [15,16]. The character of the fluctuation modes
is determined by the propagation direction [15–18]. We assume that the SALC temperature is far from
the temperature TSmA−N of the SALC-NLC phase transition. Since the optical losses in SALC are
negligible [2] the waveguide temperature is assumed to be constant and the smectic A phase is stable.
In such a case, the system of hydrodynamic equations for SALC has the form [15].

ρ
∂vi
∂t

= −∂Π
∂xi

+ Λi +
∂σ′

ik
∂xk

(2)

Λi = − δF
δui

(3)

σ′
ik = α0δik All + α1δiz Azz + α4 Aik + α56 (δiz Azk + δkz Azi) + α7δizδkz All (4)

Aik =
1
2

(
∂vi
∂xk

+
∂vk
∂xi

)
(5)

div−→v = 0 (6)
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vz =
∂u
∂t

(7)

δik =

{
1, i = k
0, i �= k

(8)

where −→v is the hydrodynamic velocity, Π is the pressure,
−→
Λ is the generalized force density, σ′

ik is
the viscous stress tensor, αi are the viscosity Leslie coefficients, F is the free energy density of SALC.
The SALC free energy density in the presence of the external electric field

−→
E

(−→r , t
)

has the form.

F =
1
2

B
(

∂u
∂z

)2
+

1
2

K
(

∂2u
∂x2 +

∂2u
∂y2

)2

− 1
2

ε0εikEiEk (9)

Here B ∼ 106 − 107 J/m3 is the elastic constant related to the layer compression, K ∼ 10−11 N is
the Frank elastic constant associated with the SALC purely orientational energy, ε0 is the free space
permittivity, and εik is the SALC permittivity tensor including the nonlinear terms related to the smectic
layer strains. SALC is an optically uniaxial medium with the optical axis Z normal to the layer plane.
It is given by [16].

εxx = εyy = ε⊥ + a⊥
∂u
∂z

(10)

εzz = ε‖ + a‖
∂u
∂z

(11)

εxz = εzx = −εa
∂u
∂x

, εyz = εzy = −εa
∂u
∂y

(12)

where ε⊥, ε‖ are the diagonal components of the permittivity tensor perpendicular and parallel to the
optical axis, respectively, a⊥ ∼ 1, a‖ ∼ 1 are the phenomenological dimensionless coefficients, and εa is
the permittivity anisotropy. In our case, the losses in SALC can be neglected and the linear permittivity
is real [2].

εa = ε‖ − ε⊥ (13)

For the wave vector
−→
k S oblique to the smectic layer plane in SALC there exist two practically

uncoupled acoustic modes. One of these modes is the ordinary longitudinal sound wave caused by
the mass density oscillations and described by the dispersion relation Ω = s1kS independent of the
propagation direction where the sound velocity s1 =

√
A/ρ, and A is the elastic constant related to

bulk compression [15–18]. The second mode is the so-called second sound (SS) with the following
dispersion relation [15,17].

ΩSS = s2
kS⊥kSz

kS
, s2 =

√
B
ρ

(14)

where s2 is the SS velocity, kS⊥, kSz are the SS wave vector components in the layer plane and normal
to it, respectively. SS corresponds to the changes in the layer spacing, it is neither longitudinal,
nor transverse, and vanishes for the wave vector parallel or perpendicular to the smectic layer
plane as it is seen from Equation (14) [15–18]. Since the elastic constant B � A ∼ 109 J/m3,
the SS may propagate in the SALC without the density change [15–18]. SS has been observed
experimentally [19–21]. In such a case, SALC may be considered to be incompressible liquid according
to Equation (6), the pressure Π = 0, and the SALC energy density F determined by Equation (9) does
not include the bulk compression term. The purely orientational term second term in Equation (9)
can be neglected since for the typical values of the elastic constants and kS ∼ 105 m−1 B � Kk2

S.
The normal layer displacement u

(−→r , t
)

by definition has only one component along the Z axis. Hence,

the generalized force density
−→
Λ has only the z component according to Equation (3):

−→
Λ = (0, 0, Λz).

Equation (7) is specific for SALC since it determines the condition of the smectic layer continuity
and the absence of the permeation process which can be neglected in the high frequency limit [15,17].
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Taking into account the assumptions mentioned above and combining Equations (2)–(12) we obtain
the equation of motion for smectic layer normal displacement u

(−→r , t
)

in an external electric field−→
E

(−→r , t
)

[36].

−ρ∇2 ∂2u
∂t2 +

[
α1∇2

⊥
∂2

∂z2 +
1
2
(α4 + α56)∇2∇2

]
∂u
∂t

+ B∇2
⊥

∂2u
∂z2

=
ε0

2
∇2

⊥
{
−2εa

[
∂

∂x
(ExEz) +

∂

∂y
(
EyEz

)]
+

∂

∂z

[
a⊥

(
E2

x + E2
y

)
+ a‖E2

z

]}
(15)

where ∇2
⊥ =

(
∂2/∂x2)+ (

∂2/∂y2). Taking into account the SALC symmetry we may choose without
the loss of generality the propagation plane in a slab waveguide as the xz plane. Then, using
expressions (10)–(12) we obtain for the linear and nonlinear parts of the electric induction

−→
D L and

−→
D NL.

DL
x,y = ε0ε⊥Ex,y, DL

z = ε0ε‖Ez (16)

DNL
x = ε0

(
a⊥

∂u
∂z

Ex − εa
∂u
∂x

Ez

)
; DNL

y = ε0a⊥
∂u
∂z

Ey (17)

DNL
z = ε0

(
a‖

∂u
∂z

Ez − εa
∂u
∂x

Ex

)
(18)

It is seen from Equations (17) and (18) that the nonlinear polarization in SALC is related to the
smectic layer normal and tangential strain ∂u/∂z and ∂u/∂x as it was mentioned above [26–36].
We solve the wave Equation (1) according to the SVA approximation procedure [37]. In the
linear approximation, we solve the homogeneous part of Equation (1) neglecting the nonlinear
polarization (17) and (18).

curl curl
−→
E + μ0

∂2−→D L

∂t2 = 0 (19)

We obtain from Equation (19) the general solution and the linear dispersion relations for the
waveguide modes [38,39]. Then, we evaluate the nonlinear polarization (17) and (18), derive the
truncated equations for the SVAs of the waveguide mode electric fields in the SALC core and evaluate
the complex SVA magnitudes and phases [37,38]. In the next section, we evaluate the waveguide
modes and the nonlinear polarization defined by Equations (17) and (18).

3. Nonlinear Polarization in the SALC Core of the Waveguide

The TM and TE mode electric and magnetic fields have the form, respectively [38–40].

−→
H TM (x, z, t) = Hy (x, z, t) ay;

−→
E TM (x, z, t) = (Ex (x, z, t) , 0, Ez (x, z, t)) (20)

−→
E TE (x, z, t) = Ey (x, z, t) ay;

−→
H TE (x, z, t) = (Hx (x, z, t) , 0, Hz (x, z, t)) (21)

We consider separately the TM and TE modes propagating in the slab optical waveguide with
the SALC core because Equations (15)–(18) show that in the framework of the slab waveguide model
TE and TM modes do not interact. We start with the analysis of the TM even modes. Assuming that
the waveguide is symmetric with the identical claddings z > d, z < −d characterized by the same
permittivity εr2 and the refraction index n2 =

√
εr2, solving Equation (1) in the linear approximation

and using the boundary conditions for the tangential components of the magnetic and electric field in
the cladding HyC and ExC and in the SALC core HySA and ExSA, respectively [38–40].

HyC (z = d) = HySA (z = d) ; ExC (z = d) = ExSA (z = d) (22)
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we obtain for the electric field Ex,zSA, Ex,zC in the SALC core |z| ≤ d and in the cladding z > d, z < −d,
respectively [35,39].

ExSA = −iE0zSA
kε‖
βε⊥

sin kz exp [i (ωt − βx)] (23)

EzSA = −E0zSA cos kz exp [i (ωt − βx)] (24)

ExC =

{
i α

β E0zC exp (−αz) exp i (ωt − βx) , z > d
−i α

β E0zC exp (αz) exp i (ωt − βx) , z < −d
(25)

EzC =

{
E0zC exp (−αz) exp i (ωt − βx) , z > d
E0zC exp (αz) exp i (ωt − βx) , z < −d

(26)

Here ω is the optical mode angular frequency, β is the propagation constant, k is the wave vector
in the core, and α is the wavenumber in the cladding. They are given by

β =

√
ε‖

[(ω

c

)2 − k2

ε⊥

]
(27)

α =

√
β2 − ω2

c2 εr2 (28)

Expression (27) shows that the TM mode propagates in an anisotropic medium as an extraordinary
wave [41]. The wave vector k for the TM even modes is defined by the dispersion relation

tan kd =
ε⊥
εr2

√(
V
kd

)2
− ε‖

ε⊥
; V =

2πd
λ0

√
ε‖ − εr2; ε‖ > εr2 (29)

where λ0 = 2πc/ω and c are the free space wavelength and light velocity, respectively. Consider now
the TM odd modes. In this case, the electric field components Eodd

x,zSA in the SALC has the form [39].

Eodd
zSA = Eodd

0zSA sin kz exp i (ωt − βx) (30)

Eodd
xSA = − ikε‖

βε⊥
Eodd

0zSA cos kz exp i (ωt − βx) (31)

The boundary conditions (22) give the following dispersion relation for the TM odd modes.

− cot kd =
ε⊥
εr2

√(
V
kd

)2
− ε‖

ε⊥
(32)

The solution of the dispersion relations (29) and (32) for the TM even and odd modes are presented
in Figure 2a,b, respectively. It is seen from Figure 2a,b that for the frequency ω = 5π × 1014 s−1 and for
the typical values of the waveguide parameters there exist two even TM modes TMeven

0,1 and one odd TM
mode TModd

1 . The normalized wavenumber kd and propagation constant βd dependence on the optical
wavelength λ for the even modes TMeven

0,1 and for the odd mode TModd
1 are presented in Figure 3a,b,

respectively. The normalized wavenumber in the cladding αd spectral dependence is shown in
Figure 4. It is seen from Figure 4 that the fundamental even mode TMeven

0 does not have a cutoff
while the second even mode TMeven

1 has a cutoff wavelength coinciding with the cutoff wavelength in
Figure 3a,b, respectively. Comparison of Figures 3a and 4 shows that in the wavelength region under
consideration kd > π/2, and αd �= 0 for the odd mode TModd

1 [39]. The solutions of the dispersion
relations (29) and (32) presented in Figure 3a,b show that for the waveguide SALC core thickness
of 2d = 2 μm, the typical values of LC and cladding permittivity [8], and the wavelengths λ0 ≈
1.4–1.55 μm important for optical communications the single mode regime occurs. We consider the
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interaction of the TM modes with the close optical frequencies ω1,2 such that the frequency shift Δω =

ω1 − ω2 ∼ 108–109 s−1 � ω1 which is typical for the light scattering in SALC [15,19]. The numerical
estimations of the propagation constant β and the wave vector k according to Equations (27) and (29)
show that for the frequency shifts Δω ∼ 108–109 s−1 the values of β and k are practically the same for
the TM modes with the close frequencies ω1,2. Consequently, the strong interaction occurs only for
the counter-propagating TM modes. For the sake of definiteness, we consider the interaction of the
TM even modes (23) and (24). Obviously, the nonlinear interaction of the TM odd modes would be
practically the same. Using expressions (23) and (24) we can write for such TM even mode electric
field [35].

−→
E SA1,2 =

1
2

E0zSA1,2 (x, t)
{
−−→a xi

kε‖
βε⊥

sin kz ∓−→a z cos kz
}

exp [i (ω1,2t ∓ βx)] + c.c. (33)

where c.c. stands for complex conjugate, and −→a x, −→a z are the unit vectors of the X and Z axes,
respectively. We assume that E0zSA1,2 (x, t) = |E0zSA1,2| exp iθ1,2 are the complex SVAs [37].

∣∣∣∣∂2E0zSA1,2

∂x2

∣∣∣∣ �
∣∣∣∣β ∂E0zSA1,2

∂x

∣∣∣∣ ;
∣∣∣∣∂2E0zSA1,2

∂t2

∣∣∣∣ �
∣∣∣∣ω ∂E0zSA1,2

∂t

∣∣∣∣ (34)

Figure 2. Graphic solution of the disperison relations for the TM even modes (a) and odd modes (b);

f (kd) = ε⊥
εr2

√(
V
kd

)2 − ε‖
ε⊥ , ω = 5π × 1014s−1.

Figure 3. The normalized wavenumber kd (a) and propagation constant βd (b) dependence on the
optical wavelength λ for the even modes TMeven

0,1 (curves 1, 3) and the odd mode TModd
1 (curve 2).
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Figure 4. The dependence of normalized wavenumber in the cladding αd for the even modes TMeven
0,1

(curves 1, 3) and odd mode TModd
1 (curve 2) on the optical wavelength.

At the small distances of several mm typical for the optical waveguide length the dependence of
SVAs on x and the dispersion effects can be neglected, and the SVAs E0zSA1,2 (t) depend only on time.
Substituting expressions (33) into equation of motion (15) and keeping in the right-hand side (RHS)
only the terms with the frequency difference Δω we obtain.

−ρ∇2 ∂2u
∂t2 +

[
α1

∂2

∂x2
∂2

∂z2 +
1
2
(α4 + α56)∇2∇2

]
∂u
∂t

+ B
∂2

∂x2
∂2u
∂z2

= −2ε0β2kE0zSA1E∗
0zSA2

[
εa

ε‖
ε⊥

+ a⊥
1
2

( kε‖
βε⊥

)2

+
1
2

a‖

]

× sin 2kz exp {i [(ω1 − ω2) t − 2βx]}+ c.c.

(35)

Then the particular solution of Equation (35) related to its RHS yields the dynamic grating of the
smectic layer normal displacement.

u (x, z, t) = U0 sin 2kz exp {i [(ω1 − ω2) t − 2βx]}+ c.c. (36)

where

U0 =

ε0β2kE0zSA1E∗
0zSA2

[
εa

ε‖
ε⊥ + a⊥ 1

2

( kε‖
βε⊥

)2
+ 1

2 a‖
]

2ρ (β2 + k2) G (k, β, Δω)
(37)

G (k, β, Δω) = (Δω)2 − iΔωΓ − Ω2 (38)

Γ =
1
ρ

[
4

α1β2k2

(β2 + k2)
+ 2 (α4 + α56)

(
β2 + k2

)]
; Ω2 = 4

Bβ2k2

ρ (β2 + k2)
(39)

Here Ω, Γ are SS frequency and decay factor, respectively [15–21]. The SS frequency Ω
and decay factor Γ dependence on the optical wavelength λ for the first two TM modes are
presented in Figure 5a,b, respectively. Numerical estimations show that for the typical values
of SALC parameters [15–21], the optical wavelength in the range of λopt ∼ 1.3–1.55 μm and
Δω ∼ 108–109 s−1 the homogeneous layer oscillations are overdamped. For this reason, the rapidly
decaying homogeneous solution of Equation (35) can be neglected. We have taken into account only
the solution (36) enhanced by the interfering optical TM modes (33).
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Figure 5. The SS frequency Ω (a) and decay constant Γ (b) dependence on the optical wavelength for
the even modes TMeven

0,1 (curves 1,3) and the odd mode TModd
1 (curve 2).

Substituting expressions (33) and (36) into Equations (17) and (18) we evaluate the nonlinear part
of the electric induction

−→
D NL =

(
DNL

x , 0, DNL
z

)
which has only x and z components for the TM modes.

Separating the phase matched parts of
−→
D NL with the frequencies ω1,2, respectively, we obtain.

DNL
x (ω1) = ε0U0iβE0zSA2 sin kz exp [i (ω1t − βx)]

×
{
−a⊥

k2ε‖
β2ε⊥

cos 2kz + 2εa cos2 kz

}
(40)

DNL
z (ω1) = ε0kU0E0zSA2 cos kz exp [i (ω1t − βx)]

×
{

a‖ cos 2kz + 2εa
ε‖
ε⊥

sin2 kz
} (41)

DNL
x (ω2) = ε0U∗

0 iE0zSA1 sin kz exp [i (ω2t + βx)]

×
{
−a⊥

k2ε‖
βε⊥

cos 2kz + 2εaβ cos2 kz

}
(42)

DNL
z (ω2) = −ε0kU∗

0 E0zSA1 cos kz exp [i (ω2t + βx)]

×
{

a‖ cos 2kz + 2εa
ε‖
ε⊥

sin2 kz
} (43)

The nonlinear polarization (40)–(43) is related to the specific cubic nonlinearity related to the
smectic layer displacement which occurs without the change of the SALC mass density.

The electric field E0ySA1,2 of the TE modes (21) is perpendicular to the optical axis Z. It has
the form. −→

E SA1,2 =
1
2

E0ySA1,2 (x, t)−→a y cos kz exp [i (ω1,2t ∓ βx)] + c.c.

TE modes propagate in an anisotropic medium as ordinary waves with the propagation constant
β2 =

(
ω2ε⊥/c2)− k2 including only the transverse permittivity ε⊥ [41]. The boundary conditions for

the TE modes have the form.

EyC (d) = EySA (d) ; HzC (d) = HzSA (d) (44)

They yield the TE mode dispersion relation similar to the isotropic medium [38].

tan kd =

√
V2

TE

(kd)2 − 1; V =
2πd
λ0

√
ε⊥ − εr2, ε⊥ > εr2 (45)
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In LC typically ε‖ > ε⊥ [2,14], and under the condition ε‖ > εr2 > ε⊥ only TM modes can
propagate in the slab optical waveguide. In general case, the nonlinear polarization enhanced by the
TE modes includes only the component DNL

y = ε0a⊥ (∂u/∂z) Ey as it is seen from expression (17),
and the dynamic grating amplitude U0TE ∼ E0ySA1E∗

0ySA2. Obviously, the nonlinear interaction of
the TE modes is isotropic and less pronounced than the TM mode interaction including both the
longitudinal and the transverse component of the electric field. For this reason, we analyze in detail
the TM mode nonlinear interaction.

4. Evaluation of the TM Mode SVAs

Using the standard procedure [37], we substitute expressions (33), (16), and (40)–(43) into
Equation (1), separate the linear and nonlinear parts, neglect the small terms ∼ ∣∣∂2E0zSA1,2/∂t2

∣∣
according to the SVA approximation condition (34) and equate the phase matched terms the frequencies
ω1,2, respectively. Then we obtain the coupled equations for the SVAs E0zSA1,2 (t).

ε‖
∂E0zSA1

∂t

{
ax

k
β

sin kz − azi cos kz
}

= ω1U0E0zSA2{axiβ sin kz

[
−a⊥

k2ε‖
β2ε⊥

cos 2kz + 2εa cos2 kz

]

+azk cos kz
[

a‖ cos 2kz + 2εa
ε‖
ε⊥

sin2 kz
]
}

(46)

ε‖
∂E0zSA2

∂t

{
ax

k
β

sin kz + azi cos kz
}

= ω2U∗
0 E0zSA1{axiβ sin kz

[
−a⊥

k2ε‖
β2ε⊥

cos 2kz + 2εa cos2 kz

]

−azk cos kz
[

a‖ cos 2kz + 2εa
ε‖
ε⊥

sin2 kz
]
}

(47)

We multiply Equations (46) and (47) by the vectors
{

ax
k
β sin kz − azi cos kz

}∗
and{

ax
k
β sin kz + azi cos kz

}∗
, respectively, substitute the SVA expressions

E0zSA1,2 (x, t) = |E0zSA1,2| exp iθ1,2 (48)

and separate the real and imaginary parts of the resulting equations. Then we obtain the following
equations for the magnitudes |E0zSA1,2| and phases θ1,2 of the TM mode SVAs.

1
ω1

∂ |E0zSA1|2
∂t

F1 (z) =
ε0 |E0zSA1|2 |E0zSA2|2 β2k2hImG (k, β, Δω)

ε‖ρ (β2 + k2) |G (k, β, Δω)|2 F2 (z) (49)

1
ω2

∂ |E0zSA2|2
∂t

F1 (z) = − ε0 |E0zSA1|2 |E0zSA2|2 β2k2hImG (k, β, Δω)

ε‖ρ (β2 + k2) |G (k, β, Δω)|2 F2 (z) (50)

ε‖
∂θ1

∂t
F1 (z) = ω1ε0 |E0zSA2|2 β2k2hReG (k, β, Δω)

2ρ (β2 + k2) |G (k, β, Δω)|2 F2 (z) (51)

ε‖
∂θ2

∂t
F1 (z) = ω2ε0

β2k2 |E0zSA1|2 hReG (k, β, Δω)

2ρ (β2 + k2) |G (k, β, Δω)|2 F2 (z) (52)
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where

F1 (z) =
(

k
β

)2
sin2 kz + cos2 kz; F2 (z) = {sin2 kz

[
−a⊥

k2ε‖
β2ε⊥

cos 2kz + 2εa cos2 kz

]

+ cos2 kz
[

a‖ cos 2kz + 2εa
ε‖
ε⊥

sin2 kz
]
}

(53)

and

h = εa
ε‖
ε⊥

+ a⊥
1
2

( kε‖
βε⊥

)2

+
1
2

a‖ (54)

Combining Equations (49) and (50) we obtain for the SVA magnitudes |E0zSA1,2|

∂

∂t

(
|E0zSA1|2

ω1
+

|E0zSA2|2
ω2

)
= 0 (55)

and
|E0zSA1|2

ω1
+

|E0zSA2|2
ω2

= const = I0 (56)

where

I0 =
|E0zSA1 (0)|2

ω1
+

|E0zSA2 (0)|2
ω2

(57)

Equation (56) is the Manley-Rowe relation for the SVA magnitudes |E0zSA1,2| which corresponds
to the conservation of the photon number in the SLS process [37]. It is seen from Equation (38) that for
Δω = ω1 − ω2 > 0 the imaginary part ImG (k, β, Δω) < 0, and the intensity |E0zSA1|2 of the TM mode
with the higher frequency ω1 is decreasing with time while the intensity |E0zSA2|2 of the TM mode with
the lower frequency ω2 is increasing. Consequently, the TM modes with the frequencies ω1,2 are the
pumping and signal waves, respectively, and the Stokes type SLS occurs [37]. Equations (49) and (50)
describe the energy exchange between the TM modes, while Equations (51) and (52) describe the
cross-phase modulation (XPM) process.

We introduce the dimensionless variables

I1,2 =
|E0zSA1,2|2

ω1,2 I0
(58)

such that I1 + I2 = 1. Substituting expressions (58) into Equations (49) and (50), integrating both parts
of these equations over z from −d up to d and using the Manley-Rowe relation (56) we obtain the
following solutions for the normalized SVA intensities I1,2.

I1 (t) =
I1 (0)

{(1 − I1 (0)) exp [gF (kd) t] + I1 (0)} (59)

I2 (t) =
(1 − I1 (0))

(1 − I1 (0)) + I1 (0) exp [−gF (kd) t]
(60)

where the gain g and the geometric factor F (kd) are given by.

g =
ε0

ε‖
ω1ω2 I0β2k2h |ImG (k, β, Δω)|

ρ (β2 + k2) |G (k, β, Δω)|2 > 0 (61)
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F (kd) = {
[

a⊥
k2ε‖
β2ε⊥

+ εa

(
1 +

ε‖
ε⊥

)
+ a‖

]
kd +

[
−a⊥

k2ε‖
β2ε⊥

+ a‖

]
sin 2kd

+
1
4

[
a⊥

k2ε‖
β2ε⊥

− εa

(
1 +

ε‖
ε⊥

)
+ a‖

]
sin 4kd}

{[(
k
β

)2
+ 1

]
2kd +

[
1 −

(
k
β

)2
]

sin 2kd

}−1 (62)

The pumping intensity threshold in the SLS process described by expressions (59) and (60)
is absent since the losses in SALC can be neglected as it was mentioned above. Comparison of
expressions (59) and (60) shows that for the initial pumping wave intensity larger than the initial
signal wave intensity I1 (0) > I2 (0) the crossing time t0 > 0 exists where I1 (t0) = I2 (t0). It is
given by.

t0 =
1

gF (kd)
ln

[
I1 (0)
I2 (0)

]
(63)

Substituting expression (63) into expressions (59) and (60) we obtain.

I1,2 (t) =
1
2

{
1 ∓ tanh

[
1
2

gF (kd) (t − t0)

]}
(64)

The spectral dependence of the gain g and its dependence on the normalized intensity I0 are
presented in Figure 6a,b.

Figure 6. The normalized gain g/I0 ( s−2V−2m2) dependence on the optical wavelength λ (a); the gain
g dependence on the normalized intensity I0 (V2m−2s) for the optical wavelength λ = 1.55 μm (b).

Figure 6a shows that the gain is slightly varying in the optical wavelength range of interest
because Γ � Ω as it is seen from Figure 5a,b. The gain g has a maximum value gmax at the SS
resonance condition when Δω = Ω and ReG (k, β, Δω) = 0 according to expression (38). The numerical
estimations show that for the typical values of k, β ∼ 106 m−1 and Δω ∼ 108 − 109 s−1 the SS resonance
condition can be satisfied. The numerical estimations also show that for the values of kd defined by
the dispersion relation (29) F (kd) ∼ 1. The dependence of the gain g on the normalized intensity I0 is
linear as it is seen from Figure 6b. Such a dependence is typical for the Brillouin and Rayleigh SLS [37].
The SLS in our case is essentially orientational since the optical nonlinearity mechanism is related
to the SALC layer displacement and occurs without the mass density change [15]. For the feasible
optical wave electric fields E the condition ε0E2/B � 1 is always valid, and the gain saturation does
not take place.

It is seen from expressions (59) and (60) that for t → ∞ the pumping wave intensity is depleted
I1 (t) → 0 while the signal wave intensity is amplified up to the saturation level I2 (t) → 1. The time
dependence for the normalized intensities I1,2 (t) for the initial conditions I1 (0) = 0.8, I2 (0) = 0.2,
pumping wavelength λ1 = 1.55 μm and the pumping wave electric field amplitude E0zSA1 = 105 V/m,
106 V/m is shown in Figure 7. It is seen from Figure 7a,b that the amplified signal wave rise time is

85



Materials 2019, 12, 2086

about 60 μ sec and 0.6 μ sec for the feasible electric field ∼105 V/m, 106 V/m, respectively, which is
much faster than the director axis relaxation time τr ∼ 1 ms in NLC [14].

Figure 7. The time dependence of the normalized intensities I1,2 (t) for the initial conditions I1 (0) = 0.8,
I2 (0) = 0.2, pumping wavelength λ1 = 1.55 μm and the pumping wave electric field amplitude
E0zSA1 = 105 V/m (a) and 106 V/m (b).

Integrating both parts of Equations (51) and (52) over z from −d up to d and substituting
expressions (58)–(60), (62) into these equations, we obtain the expressions for the pumping and
signal wave phases θ1,2. They have the form.

θ1 (t) =
ReG (k, β, Δω)

2 |ImG (k, β, Δω)| ln {exp [gF (kd) t] (1 − I1 (0)) + I1 (0)} (65)

θ2 (t) = − ReG (k, β, Δω)

2 |ImG (k, β, Δω)| ln {I1 (0) exp [−gF (kd) t] + (1 − I1 (0))} (66)

It is seen from Equations (65) and (66) that XPM occurs, and the depletion of the pumping wave
is accompanied by rapid linear increase of its phase θ1 (t) which corresponds to the fast oscillations of
the amplitude E0zSA1.

t → ∞, θ1 (t)≈ ReG (k, β, Δω)

2 |ImG (k, β, Δω)| (gF (kd) t)→ ∞ (67)

The phase of the amplified signal wave θ2 (t) tends to the constant level:

t → ∞, θ2 (t) → − ReG (k, β, Δω)

2 |ImG (k, β, Δω)| ln I2 (0) (68)

The temporal evolution of cos θ1,2 (t) is shown in Figure 8a,b, respectively. The characteristic time
of the phase variation is about 10−4 s for the pumping wave electric field amplitude E0zSA1 = 105 V/m.
The comparison of expressions (38), (61), (65) and (66) shows that in the SS resonance case Δω = Ω,
ReG (k, β, Δω) = 0, XPM is absent: θ1,2 = const.

Consider now the hydrodynamic behavior of the SALC core. Substituting expressions (48), (58)
and (64) into expression (37) we obtain the explicit expression of the smectic layer grating amplitude U0.

U0 =

ε0β2kI0
√

ω1ω2

[
εa

ε‖
ε⊥ + a⊥ 1

2

( kε‖
βε⊥

)2
+ 1

2 a‖
]

4ρ (β2 + k2) G (k, β, Δω)

exp i (θ1 − θ2)

cosh
[

1
2 gF (kd) (t − t0)

] (69)
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It is seen from Equation (69) that the crossing time t0 corresponds to the maximum of the smectic
layer strain pulse. Substituting expressions (36) and (69) into Equations (6) and (7) we obtain the
following expressions of the hydrodynamic velocity components vx,z (x, z, t).

vx =
kΔω

β
U0 cos 2kz exp i [(ω1 − ω2) t − 2βx] + c.c. (70)

vz = iΔωU0 sin 2kz exp i [(ω1 − ω2) t − 2βx] + c.c. (71)

It is seen from expressions (70) and (71) that they also have the form of the pulses (69).

Figure 8. The temporal evolution of the phases θ1 (t) (a) and θ2 (t) (b) for the pumping wave electric
field amplitude E0zSA1 = 105 V/m and the pumping wavelength λ1 = 1.33 μm.

5. Conclusions

We investigated theoretically the nonlinear optical phenomena in the optical slab waveguide with
the SALC core. We calculated the TM and TE modes in such a strongly anisotropic waveguide. We have
shown that the single mode regime can be realized for the waveguide core thickness of about 1–2 μm
and optical wavelength of λopt ∼ 1.35–1.55 μm important for the optical communication applications.
The cubic nonlinearity of SALC is related to the smectic layer normal displacement. The nonlinear
interaction is especially strong for the counter-propagating TM modes. We solved simultaneously
the equation of motion for the smectic layer normal displacement in the optical field and the wave
equation for the TM mode electric field using SVA approximation. The interfering optical fields create
the smectic layer displacement dynamic grating which propagates in SALC without the mass density
change. As a result the nonlinear polarization occurs and the SLS accompanied by XPM takes place in
the waveguide. We evaluated the pumping and signal TM mode SVA magnitudes and phases. In the
resonance case when the TM mode frequency difference Δω equals to the SS frequency Ω the gain g
has a maximum value, and XPM is absent. The smectic layer strain has a pulse form with a maximum
corresponding to the crossing time of the pumping and signal TM modes. We also evaluated the
hydrodynamic velocity enhanced by the interfering TM modes. The numerical estimations show that
the SLS in SALC is much faster than the light scattering in NLC related to the director reorientation.
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Abstract: The optical behavior exhibited by bimetallic nanoparticles was analyzed by the influence of
ultrasonic and nonlinear optical waves in propagation through the samples contained in an ethanol
suspension. The Au-Pt nanoparticles were prepared by a sol-gel method. Optical characterization
recorded by UV-vis spectrophotometer shows two absorption peaks correlated to the synergistic effects
of the bimetallic alloy. The structure and nanocrystalline nature of the samples were confirmed by
Scanning Transmission Electron Microscopy with X-ray energy dispersive spectroscopy evaluations.
The absorption of light associated with Surface Plasmon Resonance phenomena in the samples
was modified by the dynamic influence of ultrasonic effects during the propagation of optical
signals promoting nonlinear absorption and nonlinear refraction. The third-order nonlinear optical
response of the nanoparticles dispersed in the ethanol-based fluid was explored by nanosecond
pulses at 532 nm. The propagation of high-frequency sound waves through a nanofluid generates a
destabilization in the distribution of the nanoparticles, avoiding possible agglomerations. Besides,
the influence of mechanical perturbation, the container plays a major role in the resonance and
attenuation effects. Ultrasound interactions together to nonlinear optical phenomena in nanofluids is
a promising alternative field for a wide of applications for modulating quantum signals, sensors and
acousto-optic devices.

Keywords: plasmonic nanoparticles; nonlinear acousto-optics; nanofluids; ultrasonic sensors

1. Introduction

The nonlinear optical (NLO) properties of nanomaterials are attractive, due to the possibility of
their use in different technological fields [1]. In recent years, a great diversity of nanostructure thin
films [2] has been reported observing different NLO properties which are attributable to the quantum
confinement [3]. In particular, metal nanoparticles (NPs) have attracted great interest specially when
are suspended in different based fluids [4], due to their physical and chemical characteristics sensitive
to the local environment [5]. Also, nanofluids appear to be suitable for biomedical applications as
molecular diagnostics, delivering sensing and bioimaging [6].
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Diverse colloidal suspensions of metallic NPs have been the cornerstone of significant studies
devoted to photonic [7], opto-electronic [1], electro-optical [8], and all-optical functions [9]. Multimetallic
NPs display a wide range of interesting and potentially improved characteristics in comparison to
monometallic NPs [10]. The superior features exhibited by multimetallic NPs are attributable to
the Surface Plasmon Resonance (SPR) provided by their different components in a nanostructured
configuration [11]. For example, bimetallic Gold and Platinum NPs (Au-Pt NPs) exhibit two peaks at
the linear regime, which make them attractive for suitable catalyst [12] and electrochemical sensors.
The formation of bimetallic alloys, such as core-shell and clusters, depends on the structure and size of
the core [13], thus, they are widely influenced by the enhancement of the catalytic activity related to SPR
effects [14]. Au-Pt NPs have been synthesized by different techniques as simple electrodeposition [15]
and environmentally friendly procedures [16]; besides, it has been revealed the possibility to enhance
their characteristics by tuning the molar ratios [17]. It must be noticed that the processing route for
the preparation of the NPs plays critical roles in the size regime, morphology and distribution in
comparison to the monometallic NPs [18]. Therefore, Au-Pt NPs emerge as highly promising materials
for detection devices [19], and for biosensor signal processing owing to their improved physical, optical,
and electromechanical properties [20].

The NLO response of thin films and NPs suspensions has been measured by different multiphoton
absorption techniques [21]. Particularly, the NLO effects seem to be enhanced by tuning the
optical field [22], which has been experimentally demonstrated in a wide range of nano-optic [23],
acousto-optic [24], and acousto-plasmonic interactions.

Acoustic waves, such as infrasound, sound, and ultrasound (US) can be propagated as a
mechanical disturbance in the matter, being potentially useful since they enable the ability to induce
and control low-dimensional materials. Acoustic manipulation of metallic NPs is also allowed, due to
the displacement of the media’s molecules [25]. Acoustic vibrations, which have been used for
enhanced-spectroscopy applications, currently have drawn interest from the NLO community [26].
Recent studies demonstrated the vibrations powered by sound in a liquid medium can generate
autonomous motion, originated by nanorods trapped in an acoustic field [27]. Therefore, there is
considerable interest from sound-light interaction, specially by mixing US and optical waves as a
result of the rapid modulation and deflection of the light beams, as well as the demand for more
general optical processing [28]. The interactions between US and nonlinear optical signals both open
interesting opportunities for technological branches ranging from optics to photonics [29].

Also, multi-wave interactions promise potential for applications as acousto-optic modulation and
compact photonic devices [30], as well as breast cancer diagnosis candidates for acousto-optic imaging
in biomedicine [31]. This is because, while techniques that deal with the problem of image generation
from diffuse photons suffer low signal-to-noise ratio, the light which has passed through a scattering
medium can be easily detected and localized. Therefore, even a three dimensional localization of breast
tumors and their characterizations can be obtained through ultrasonically-controlled signals.

Particular properties derived from quantum confinement and the interaction between
nanostructures has been indicated in metal nanostructures [32,33]. Some interesting aspects of
plasmonic materials are their large absorption cross-sections and strongly localized electromagnetic
fields [34]. Remarkably, the linear and NLO effects play an important role in the vibrational mode
driven by acousto-plasmonic coherent control and result in a change of the refractive index [35].
In light-sound interactions, the modification of the optical refractive index is due to the particle’s
compression and additional refraction effects can be originated by the sound wave propagation
through a fluid media [36]. It has been demonstrated that plasmonic metamaterial-based sensors for
US detection, present advantages derived from their strong sensitivity to the refractive index of their
surroundings [37]. Besides, opto-mechanical nonlinearities exhibited by plasmonic metamaterials can
be modulated by third-order NLO parameters [38]. Plasmonic nanostructures composed of metallic
and dielectric media, exhibit tunable plasmon properties associated with the collective oscillations
of free electrons [39]. And another important fact is the possibility to create hybrid systems by the
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combination of independent elements with the aim to enhance their characteristics and applications [40].
In view of all these considerations, within this work have been analyzed optical effects that can be
related to US and plasmonic phenomena. We presented variable contributions from US to NLO
transmittance in single-beam and TWM experiments; these results are a consequence of the synergistic
potential of plasmonics and US for modulation of optical absorption and refractive index; respectively.
Specifically, in this work, an attempt has been made for further investigate the transmittance of NLO
signals may receive an opposite influence from multiphotonic absorption and the optical Kerr effect
when the propagation of US takes place in a nonlinear sample. Some examples that illustrate the
importance of modulating optical signals by ultrasonic frequencies are related to quantum plasmonic
sensors assisted by NLO effects [41] and microfluids with properties governed by the incorporation of
plasmonic nanostructures and acoustic signals [42]. In this direction, the main purpose of this work is
to evaluate the influence of ultrasonic signals in the plasmonic response exhibited by nanocolloidal
solutions. Herein is reported a study about the ultrasonically activated modification on the plasmonic
and absorption effects exhibited by bimetallic gold-platinum nanoparticles. Different contributions
related to mechanical phenomena and NLO processes were observed. The significance of this study
comes from the clear indication of enhancement and inhibition of the optical transmittance related to
plasmonic sensing. This work highlights the attractive nonlinear optical characteristics associated with
the samples for developing photoactive advanced materials.

2. Materials and Methods

2.1. Sample Synthesis

Colloidal bimetallic Au-Pt NPs were synthesized through a sol-gel technique accordingly to a
previous report [43]. Briefly, the process was carried out as follows; the sol-gel TiO2 was obtained
from Titanium i-propoxyde [Ti(OC3H7)4] used as a precursor with a concentration C = 0.05 mol/L,
pH = 1.25, was dissolved in a water/alkoxide solution with a molar ratio 0.8. Then, standard solutions
of Au and Pt precursors with an equivalent nominal metal concentration of 1000 mg/L each were used.
The mixture of (Au + Pt)/Ti(OC3H7)4 revealed a molar ratio of 0.76% (mol/mol) in a total volume of
11.5 mL. The resulting solution was kept in darkness for a week before nucleation with the aim to
extend their photo-response, improve their catalytic activity, stabilize the sample, and use it several
times [44]. Finally, an ultraviolet (UV) light reactor was used in the photocatalytic processes for the
preparation of the bimetallic sample.

2.2. Morphology Characterization

The morphology and size distribution of the sample were both studied by Transmission Electron
Microscopy and High-Resolution Transmission Electron Microscopy (TEM and HRTEM, FEI Titan
80-300, JEM-ARM200CF) techniques. For the microscopic measurements, a drop of the studied
suspension was placed on a carbon-coated Cu grid, it was allowed to dry overnight at room
temperature prior to the optical explorations. TEM micrographs were acquired using a probe
aberration-corrected microscope, recorded by a Gatan Ultrascan 1000 xP digital camera and operated at
an acceleration voltage of 80–200 kV. Besides, Energy-dispersive X-ray analysis (EDX; JEOL JSM-7800F)
were undertaken to clarify the chemical composition of the Au-Pt NPs.

2.3. Nanosecond Optical Single-Beam Transmittance

The bimetallic Au-Pt NPs were explored by an Nd:YAG nanosecond laser source (Continuum
Model SL II-10) with 4 ns pulse duration at 532 nm wavelength, repetition rate of 10 Hz, and linear
polarization. Figure 1 illustrates the scheme of a single-beam experiment setup performed in our
laboratory with the aim to investigate the nonlinear optical response of the solution.
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Figure 1. Experimental setup for single-beam transmittance measurements influenced by US.

2.4. Acousto-Optic Explorations

In order to study the US influence on the Au-Pt NPs, the acousto-optical exploration was also
investigated with the arrangement schematized in Figure 1. The excitation beam was divided by
means of a beam splitter, BS, with the purpose of monitoring power emission of the laser system by a
photodiode detector (PD-1) (Newport, Model: 818-BB-21). In the experiment, both light and US signals
were simultaneously propagated on the colloidal sample. The optical irradiation was focused to a
small spot by using a quartz lens (LH) (Newport, Plano-Convex Lens) and increased gradually while
the acoustic square wave remained continuous.

A home-built electronic circuit model by using ultrasonic transducer (UT) was employed to
generate US. In accordance with the specification supplied by the manufacturer, the sensor operates in
a frequency range of 40.0 ± 1.0 kHz. In order to start the operation of the UT, it must be selected a
high pulse of high voltage (5V) during at least 10 μs, then, the trigger pin will transmit out 8 cycles of
ultrasonic burst at 40 kHz and an ultrasonic burst is going to be reflected. The echoes from the target
cannot be ignored, since they are essential to the circuit model to consider the following burst of the
40 kHz square-wave emission.

The energy of the transmitted optical beam was measured by a digital oscilloscope (Teledyne
LeCroy, WaveSurfer 3054) using a photodiode detector (PD-2) (Newport, Model: 818-BB-21). Finally,
both optical and ultrasonic signals were compared to evaluate the influence of the ultrasonic disturbance.

2.5. Two-Wave Mixing Experiment Influenced by US

A two-wave mixing (TWM) experiment schematized in Figure 2 was carried out to identify the
vectorial nonlinear optical response of the sample. In this technique, the laser source linearly polarized
with a Gaussian profile was focused by using a 75 cm focal-length lens (LH). The pulse energy of
115 mJ provided by the Nd:YAG laser system was divided into two beams by a cubic beam splitter
(BS) both featuring the same light polarization direction. The two beams, pump and probe, interfere
into the optical cell with an optical irradiance relation of 10:1, each beam path was guided to the
sample by high-energy laser mirrors (Newport, Dual-wavelength mirror for 1064 and 532 nm. 2.0 in.
Diameter), (M 1-2). An achromatic half-wave plate (WP), (Newport, Quartz-MgF2), was inserted in
the pump arm to change the direction of the linear polarization with a Newport, Calcite Polarizer (P).
The transmittance of the sample for both beams was measured along the laser propagation direction
by PIN photodetectors (PD 1-2) (Newport, Model: 818-BB-21). The temporal and spatial superposition
of the beams was verified by the optimization of the position of the mirrors considering the Kerr
transmittance of the probe beam with the influence of the pump beam interacting with the sample.
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Figure 2. Acousto-optic explorations by the assistance of the two-wave mixing configuration.

For further investigate the coupling between the pump and the probe beams, we considered
the right and left circular components of the electric field as E± and E∓. Then, we applied the
finite-differences method to solve the Maxwell’s wave equation given by [45]:

∇2E± = −n2±ω2

c2 E±, (1)

where c is the velocity of light in the vacuum and the optical frequency is defined by ω. We assume,
that both waves propagate the sample in the same plane. In our representation, is convenient to express
the refractive index taking into account the approximation [45]:

n2± = n2
0 + 4π

(
A|E±|2 + (A + B)|E∓|2

)
, (2)

here n0 is the weak-field refractive index. A = χ
(3)
1122 and B = χ

(3)
1212 are the independent components of

the third-order susceptibility tensor χ(3).

2.6. Modulation of Plasmonic Signals by Ultrasonic Effects

A path length of 1 cm in a quartz cuvette was heuristically filled with the dispersion of Au-Pt NPs to
explore the linear and nonlinear optical response of the samples. UV-Visible optical absorbance spectra
were acquired by using an Ocean Optics UV-vis fiber optic-based spectrometer (USB 2000+XR1-ES),
equipped with deuterium-halogen light source. Additionally, in order to modulate the influence of
the optical response, an Ultrasonic Transducer (UT-1 and UT-2) situated above the optical quartz
cuvette was used for delivering US waves in the sample. The prepared solution was scrutinized in the
wavelength range from 200 nm to 900 nm.

The modulation of the plasmonic signals was achieved by ultrasonic interactions; the experimental
setup is shown in Figure 3. Near-resonance excitations were promoted by monochromatic light of
λ = 532 nm provided by a horizontally polarized Nd:YVO4 pulsed laser (Spectra-Physics Explorer®

One™ XP). The laser with constant energy of 7.3 μJ was split into two beams of equal energy by means
of a BS; one beam was focused on the sample using a Newport, Plano-Convex Lens with a focal length
of 20 cm, while the other arm beam was used as a reference.

The sample was disturbed with US combined with the stable pulse energy of the laser source.
In this case, the ultrasonic frequency was modulated by using a pair of different transducers (UT 1-2);
their operation was previously described (Section 2.4). The optical quartz cuvette with the colloidal
solution of Au-Pt NPs were placed between the two UT 1-2 separated at the same distance.
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Figure 3. Single-beam transmittance set-up based in an Nd:YVO4 pulsed laser.

However, in order to obtain the phase difference frequency, we used different 40 kHz square-wave
signal-each burst in 20 periods. The output light beam profile of the transmitted light was collected by
a photodiode (PD) (Newport, Model: 818-BB-21) and processed by the digital oscilloscope.

In this work, the modulation of optical signals was obtained by the combination of light with US.
By using an UV-vis spectroscope is proposed to modulate the magnitude of the peak in the absorption
band related to the plasmonic response of the sample interacting with ultrasonic signals. Furthermore,
when the transmittance of a sample changes with the incident irradiance, then nonlinear optical effects
are involved. Third-order NLO phenomena are strongly dependent on the plasmonic response of
a sample; while nonlinear refraction and nonlinear absorption can be responsible for third-order
nonlinear optical processes. By conducting single-beam transmittance experiments, we proposed
that multi-photonic absorption processes together to ultrasonic signals is possible to increase the
modulation in the transmittance of a plasmonic sample. On the contrary, due to the TWM experiments,
where an induced nonlinear refractive index can be demonstrated, it is indicated the possibility to
decrease the transmittance of the sample by the influence of US signals responsible for a modification
in the refractive index of the sample.

3. Results

3.1. Characterization of the Synthesized Au-Pt NPs: TEM and EDX

The representative TEM image, shown in Figure 4, confirms the size and distribution of the sample.
The diameter of the distributed Au-Pt NPs ranged between 9–13 nm, exhibiting an average standard
derivation close to 10.5 nm. The statistics were carried out by measuring different individual particle
diameters from randomly acquired TEM images. TEM can be used to perform the chemical mapping
to show the Pt and Au layer on the nanoparticles. However, we guarantee the bimetallic nature in the
composition of the sample by statistical EDX analysis.

The formation of Au-Pt NPs was confirmed by EDX studies mapped on Figure 5. The chemical
composition of the alloy structure shows that Au is the predominant element, although the same
amounts of standard solutions of Au and Pt precursors were used. The stronger photocatalytic activity
exhibited by Pt seems to be responsible for this result. The atomic relation between Au and Pt in the
NPs was about 10:1; respectively. EDX pattern also reveals the presence of other peaks associated from
the copper substrate. We identified that increasing the Au content in Au-Pt alloys originates larger
NPs which can be useful in different fields [46].
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Figure 4. High-Resolution TEM image of the Au-Pt NPs embedded in TiO2 film studied.
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Figure 5. Chemical composition of the synthesized bimetallic sample studied by EDX.

3.2. Single-Beam Transmittance Measurements Affected by Ultrasonic Vibrations

Acousto-optical explorations were undertaken considering that both light and acoustic waves
were propagated together through the colloidal Au-Pt NPs. Figure 6 summarizes the result of the
experimental setup using the Nd:YAG laser system. Initially, we measured the optical single-beam
transmittance exhibited by the sample. Then, the simultaneous interaction of both optical and ultrasonic
signals was considered; the blue circles’ markers depicted the final contribution of the US in the
optical transmittance.

It should be noted that the interaction of both optical and ultrasonic waves influences the stability
of the bimetallic colloidal solution with Au-Pt NPs. The modification of the optical transmittance as
a function on US signal can be explained by considering that the US frequency is capable to modify
the optical and the refractive index; since both are strongly dependent of the vibrational mode of the
sample. One of the effects that would especially benefit from the contribution of the US, is that the
sedimentation process decreases, due to the high-mechanical oscillations. Besides, it could prevent
the appearance of agglomerations and accumulated NPs exposed to electrostatic effects. Herein,
the presence of bimetallic NPs within a host liquid will not only lead to the modification of SPR effects
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that may improve linear and nonlinear absorption, but it could modulate their response owing to the
US frequency, yielding to a larger optical absorption enhancement [47].
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Figure 6. Change in the single-beam transmittance by the ultrasonic waves propagated through the
Au-Pt NPs suspended in ethanol.

The morphology and particle size distribution are not affected by the precursor; however, a shift
of the optical absorption spectra could be presented by decreasing the grain size [48]. Besides,
solvent-metal interactions are important in NLO effects, due to the refractive index plays a prominent
role in third-order optical nonlinearities [49].

In addition, the nonlinear optical properties depend on the absorption cross-section and transition
energy level, as a result, the nonlinear optical transmittance increases or decreases as a function on light
irradiance. In our case, the monotonic increase in transmittance, shown in Figure 6 can be considered
as a signature of a typical saturable absorption dependent on incident irradiance.

3.3. TWM Measurements Affected by Ultrasonic Vibrations

The nonlinear optical response of the bimetallic Au-Pt NPs suspended in an optical cell was
evaluated by a nanosecond TWM technique. In this case, the angle of polarization was controlled
by means of a half-wave plate (WP), (Newport, Quartz-MgF2) placed in the pump arm before to
irradiate the sample. The output of probe beam provided by the Nd:YAG laser system was measured
using a PIN diode PD 2 (Newport, Model: 818-BB-21). The measurements were performed for two
different cases, shown in Figure 7; the blue circles represent the typical angular-dependence of the
interferometric optical measurements while the plotted square red markers correspond to the values
with the presence of the ultrasonic waves. The magnitude in the optical transmittance of the sample
was tuned by the superposition of the waves in order to obtain an interference fringe pattern in the
nonlinear medium. The ultrasonic transducer was emitting short US pulses featuring 40.0 ± 1.0 kHz
square waves at a level of about 120 dB. The nanoparticle density is strongly dependent on the US
frequency [50]. Therefore, the refractive index and transmittance appear to be greatly influenced by
the US action.

98



Materials 2019, 12, 1791

0 90 180 270 360 450 540 630 720

Angle of Polarization [DEG]

0.23

0.24

0.25

0.26

0.27

0.28

0.29

0.3

0.31 TWM on Au-Pt NPs
TWM + Ultrasound on Au-Pt NPs

Figure 7. Transmitted irradiance as a function on the angle between the planes of polarization of the
incident optical beams with and without an acousto-optic influence.

From the results illustrated in Figure 7, the transmitted irradiance pointed out a change in the
optical nonlinearity of the sample derived by the influence of ultrasonic waves. In this case, we consider
that the dynamic motion of the sample can generate an inhibition in the photoactive electronic response
of the sample exposed to a near-resonance optical Kerr effect (OKE) excitation. The OKE technique
has been reported to investigate the orientation dynamics of molecular liquids approaching a phase
transition [51] and it has a strong dependence on the SPR properties exhibited by plasmonic NPs.
The OKE manifests itself in a TWM interaction considering that a dependence on the optical irradiance
can be also related to the refractive index of the media. In this TWM inside of a Kerr medium,
a dependence on the host media could be remarkable because a strong influence of the US could
originate changes in the density and in the induced birefringence. It is worth noting that the results
plotted in Figure 7 are modulated by the angle of polarization, since the interference pattern associated
with the two incident waves is dependent on the polarization of the waves. Therefore, it can be assumed
that the plasmonic response of the samples is the main responsible for the modulation of the nonlinear
optical transmittance controlled by the US frequency. Furthermore, it can be considered that changes in
absorptive nonlinearities rising from the stationary interference pattern of the incident optical waves in
the samples may contribute also to the change in the nonlinear refractive index [52]. The simultaneous
participation of optical and ultrasonic interaction could be responsible for the modification of quantum
confinement phenomena [11] which is related to the volume concentration, the size, and composition
of the sample [18].

3.4. Ultrasonically-Controlled Plasmonic Signals by Bimetallic Au-Pt Nanoparticles Suspended in Ethanol

In Figure 8 are presented the UV-Visible absorption spectra of the sample with the participation of
an ultrasonic wave excitation. These measurements represent experimental data acquired 10 different
times in different regions of similar samples systematically studied. Gyroscopic behavior of the
NPs seems to modulate almost uniformly the UV-vis spectra of the sample as it has been previously
demonstrated [53]. In this case, the change in the linear absorption is due to a modification in the
plasmonic response of the bimetallic sample. US waves are able to modulate the density in nanofluids
and then, it can be expected an important modification in the collective electronic response of plasmonic
samples. From the plot can be clearly seen that the colloids show a shift in the absorbance response
attributed to the US wave propagation. The absorption peak presented in the UV region close to
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300 nm corresponds to a plasmonic absorption of the Pt, while the absorption peak in the visible region
close to 650 nm is related to the response of the Au integrating the NPs. The significance of these
absorption bands is related to the selective absorptive behavior of the characteristic effects of the size,
shape and distribution of each metal integrating the nanostructured sample.

Figure 8. Representative UV-Visible absorption spectra of the studied samples showing a change
derived by ultrasonic signals.

The UV-vis spectrum is associated with a random distribution of the dispersed NPs, and not
only to those shown in the TEM image. Different bimetallic Au-Pt NPs alloys have been studied
showing a change in the SPR peak by increasing the Au content, and due to the Au element is more
electronegative than Pt [46], which originates a modification of its absorption properties and linear
and nonlinear optical refraction. Hence, the possibility to change the concentration of the Au-Pt NPs
exhibit unique extraordinary features induced by the plasmonic response can be attributable to the
nanomechanic and nanophotonic properties of the sample.

Nanoscale effects are very important for instrumentation applications, such as plasmonic and
nanophotonic sensors, regarding the high sensitivity associated with low-dimensional interactions.
Also, it has been found that nanoscale phenomena are strongly dependent on the quantum confinement
which appears to be improved by the participation of US frequency. The power and frequency of the
US seems to be responsible for the modification of the plasmonic effects related to nanosystems [54].

Regarding the possibility to change the optical absorption of the NPs by the influence of an
ultrasonic effect, the modification of the amplitude of near-resonance optical signals in the sample
was considered. In Figure 9, the sawtooth waveform corresponds to the excitation of plasmonic
signals induced by a 532 nm wavelength exciting the SPR associated with the Au atoms of the samples.
The value of the single-beam transmittance measurement with and without the participation of an
ultrasonic control was analyzed. In addition to this experiment, an ultrasonic signal was propagated
from the transversal direction to the laser beam, which passed through the sample cell containing
Au-Pt NPs in ethanol. The data plotted in red color were obtained by modulating the amplitude in
the US frequency of 40 kHz. The changes in the y-axis of Figure 9 correspond to the transmittance
when an Nd:YVO4 pulsed laser system irradiates the sample. The resulting data were obtained for
two different cases; initially, a PIN diode (PD 2) at the output of measured the value when the laser
irradiates the sample with a repetition period of T = 1/50 kHz = 0.02 ms. Then, the optical transmittance
was measured in simultaneous propagation of the US square wave, delivered at a pulse repetition
frequency of 40 kHz over a total exposure time of 5 s.
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Figure 9. Amplitude vs time spectrum of single-beam transmittance measured at the output light with
a pulse energy of 5.5 μJ.

One interesting observation is the monotonic decrease in the plasmonic and optical transmittance
in a linear relationship with the US increase in good agreement with previous studies [43]. Low-level
ultrasonic signals were systematically employed with repetitive results within an error bar below 1%.
The possibility to change the bimetallic structure exhibited by the NPs under the influence of US waves
was considered to be part of further investigations. Change in metallic structures has been previously
reported [55] and also the effects of grain size decrease by US waves [56].

All the measurements were carried out in the presence of the US perturbation, also was performed
a base data acquirement to observe the influence of the US in the studied Au-Pt NPs. We observed
the highest contribution of the US in the optical response of the NPs when the US source was in
the neighborhood of the surface of the sample; distances of several centimeters practically inhibit
the influence of the US frequency in the optical effects evaluated. The modification of the optical
transmittance as a function on US signal can be explained by considering that the US frequency is capable
to modify the optical and the refractive index; since both are strongly dependent of the vibrational mode
of the sample. The study of NPs and nanofluids are of great interest in nanofluidic electronic circuits to
manipulate ions and create biomolecular diagnosis devices [1]. The idea of constructing some new
devices based on the combination or rearrangement of diodes is found to be applicable in nanofluidics.
p–n junction diodes are the elementary building blocks of most semiconductor devices [57]. In the
feedback of all-nanoparticle logic systems, can be oppositely charged by using laminated nanoparticle
layers. Nanostructured devices based on the advantages of plasmonic effects can be found in bipolar
junction transistors, field-effect transistors or thyristors [58]. Doped p–n junctions have been created
considering electrostatics instead of adding different chemical elements in single configurations [59].
A chemoelectronic circuit composed of Au NPs coated with different types of organic molecules has
been recently suggested for the development of diodes/transistors. In this respect, the major interest is
manipulating the ions’ movement of the packed Au NPs in an inherent electric field [56].

Particularly, hybrid nanoscale acousto-optic systems have been proposed as acousto-optic sensors,
acousto-optic wireless communication modulators and transducers based on graphene [60]. As well,
Au NPs have been studied by using acousto-plasmonic interactions [26]. However, the optical and
catalytic properties can be improved by combining two different metals at nanometric scale [61],
in which, metal composition and shape provide unique functionality [62]. Among the different
bimetallic NPs, Au-Pt NPs show higher electrocatalytic activity that represents widely promising
functions in catalysis applications, such as a suitable catalyst for methanol oxidation and oxygen
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reduction reaction [63]. The enhanced photocatalytic activity is attributable to the synergy of the metal
composition and the SPR effects.

It has been previously reported that third-order optical properties may conduct to a larger
sensitivity to local changes in the refractive index compared to the commonly used linear localized
SPR sensing [64]. It has been demonstrated that the optical transmission of nanoplasmonic materials
becomes spectrally tunable by acoustic waves [65]. Moreover, monotonic changes in the sensitivity
exhibited by nonlinear optical sensors have been indicated [43]. Contrastingly, in this work, we pointed
out the possibility to increase or decrease the modulation of optical signals by linear or nonlinear
optical effects; respectively, in plasmonic NPs.

The third-order nonlinear optical susceptibilities can be responsible for the change in the refractive
index and the nonlinear absorption of colloidal solutions irradiated by light [66]. These changes in
refractive index automatically modify the mechanical properties of the sample that depend on mass
density. Specifically, light-sound interactions have been used for developing nonlinear acousto-optical
modulation which depends on the resonance and the vibrational mode of the metal nanostructures [30].
We noted that the influence of US in nonlinear optical properties can generate a modification in
optical transmittance that is opposite to the modification of the propagation of light in the linear
regime. Our results are in good agreement with nonlinear optical effects in liquids that demonstrate
the possibility to modify the refractive index [67] taking into account that plasmonic resonances
show considerable changes in optical properties exhibited by nanocomposites [68]. Comparatively,
herein is reported the observation of ultrasonic influence and their potential to separately modulate
with opposite behavior the linear and nonlinear optical effects in plasmonic NPs. In this work has been
highlighted the important influence of simultaneous interaction of both optical and ultrasonic signals
to control plasmonic phenomena.

4. Conclusions

A strong influence in the modulation of the optical and plasmonic properties exhibited by
bimetallic NPs was demonstrated by using ultrasonic waves. Spectral and TWM experiments in an
Au-Pt based nanofluid under the influence of ultrasonic signals were reported. A reduction in the
magnitude of the nonlinear optical transmittance dependent on external mechanical perturbations
was observed. Herein is identified that the US wave propagation in nanostructured materials can be
useful for controlling nonlinear and plasmonic signals. From the point of view of quantum optics,
NLO receives an important influence from plasmonics and mechanical effects. Then the study of the
modification of nonlinear optical phenomena assisted by US signals promises to be effective in a wide
range of applications for instrumentation and low-dimensional signal processing where mechanical
and plasmonic actions occur. The ultrasonic and nonlinear optical behavior of bimetallic Au-Pt NPs
can be considered as potential candidates to develop quantum operations, sensors and instrumentation
devices in biomedicine.
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Abstract: For the practical application of dynamic holography using updatable dyed materials,
optical transparency and an enlarged sample size with a uniform dispersion of the dye and
no air bubbles are crucial. The holographic films were prepared by applying a dyeing method
comprising application, curing, dyeing, and washing to an unsaturated polyester (UP) resin film.
The unsaturated polyester (UP) resin film with high optical transparency was dyed with a
3-[(4-cyanophenyl)azo]-9H-carbazole-9-ethanol (CACzE) (azo-carbazole) dye via the surfactant,
polyoxyethylene (5) docosyl ether, in an aqueous solution. The amount of dye uptake obtained
via the dyeing process ranged from 0.49 to 6.75 wt.%. The dye concentration in the UP resin was
proportional to the dye concentration in the aqueous solution and the immersion time. The UP resin
film with 3.65 wt.% dye exhibited the optical diffraction property η1 of 0.23% with a response time
τ of 5.9 s and a decay time of 3.6 s. The spectroscopic evaluation of the UP resin film crosslinking
reaction and the dyeing state in the UP resin film are discussed. Furthermore, as an example of its
functionality, the dynamic holographic properties of the dye-doped UP resin film are discussed.

Keywords: dyeing; unsaturated polyester resin; azobenzene; hologram; aqueous dispersion

1. Introduction

Polymer-based dynamic holographic films have attracted considerable attention as a
next-generation 3D display technology [1–7]. Optical transparency and an enlarged sample size with
a uniform dispersion of the dye and no air bubbles are the minimum requirements for the practical
application of dynamic holograms [3]. In our 2016 report [3], we proposed insightful scientific research
to allow transparency in the visible region for the azo-carbazole analog based on spectroscopic and
holographic optical perspectives. Melt-pressed poly(methyl methacrylate) (PMMA) films dispersed
with azo-carbazole dyes give high optical transparency with a uniform coloring state and no air bubbles.
Making an enlarged size film via melt-press on a laboratory scale, however, has some limitations.
Notably, the fabrication of the large sample size would be challenging. Therefore, the development of
a new method to replace the melt-press method is necessary.

Dye-doped polymeric films possess well-known properties, such as the manipulation and
detection of light. Therefore, these films have been used as optoelectronic devices, such as organic
dye lasers, organic light-emitting diodes (LED), dye photodetectors, dye-sensitized solar cells,
and displays [8–11]. Solution processes such as spin-coating and dip-coating are common methods for
dispersing dyes into a polymer matrix due to their convenience and safety [12,13]. However, these
solution processes cause dye aggregation or phase separation during or after drying that can lead to
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serious defects in the electro-optical properties [14]. The uniform dispersion of dyes and pigments into
a polymer matrix is a key process for the fabrication of optoelectronic devices.

Dyestuffs are substances that have the dyeing capacity of fibers and films. When the dyestuffs
and fibers or films have a chemical affinity for each other, the dyestuffs can easily penetrate the fibers
or films. Dyeing is a useful tool to uniformly color fibers and films. The coloring process, in which the
dyes are allowed to uniformly penetrate fibers and films, is performed by immersing the dyes in a
liquid solution dispersed with dyestuffs. Since the fibers and films are colored by this technique to
impregnate the dye itself with a dye, there is no interlayer peeling at the interface, as with a coating.
Therefore, a stabilized functional fiber without dye aggregation or phase separation can possibly
be obtained.

Highly transparent films can be prepared from unsaturated polyester (UP) resins. The application
process of the UP resins before curing can be accomplished in a number of convenient processes such
as spraying, deposition with an applicator, dipping, or melt-press.

In this study, we focused on the dyeing process using aqueous dispersion; then, we introduced
a typical azo-carbazole dye, CACzE, to large size UP resin films, and, finally, evaluated the dyeing
properties of the dye-doped UP resin films and their dynamic holographic properties.

2. Experimental Section

The 3-[(4-cyanophenyl)azo]-9H-carbazole-9-ethanol (CACzE) was synthesized according to a
previously reported procedure [3]. Figure 1 shows the structural formula of CACzE and a photograph
of the CACzE powder. The UP resin, as a host polymeric resin, and a curing agent, Permec N, which
contains ethyl methyl ketone peroxides, dimethyl phthalate, and ethyl methyl ketone, were purchased
from FRP-ZONE Co., Saitama, Japan. The surfactant polyoxyethylene (5) docosyl ether was purchased
from Wako Co., Osaka, Japan. The mixtures containing 98% UP resin and 2% curing agent were
vigorously stirred and deposited on a glass substrate by using a coating applicator with a 100 μm gap.
The aqueous dispersion dyebaths were made via the dispersion of CACzE portions into 100 g of
distilled water to provide 1.9 × 10−4 to 7.6 × 10−3 mol L−1 solutions (referred to herein as the aqueous
dispersion). Additionally, specific amounts of the surfactant were added to the aqueous dispersion to
adsorb the dispersed CACzE into the UP resin after curing. A summary of the aqueous dispersions is
listed in Table 1. During the aqueous dispersion treatment process, the cured UP resins were immersed
in the aqueous dispersion and shaken at 120 ◦C for various immersion cycles. The UP resins dyed
with the aqueous dispersion were washed with dimethyl sulfoxide (DMSO) and air dried. Schematic
diagrams of each process are shown in Figure 2.

Figure 1. Structural formula of CACzE and background photograph of CACzE powder.

The concentration of CACzE in the UP resin was recorded on a spectrophotometer (Lambda
1050 UV/Vis/NIR, Perkin Elmer, Waltham, MA, USA) and a laser Raman microscope (Raman-11,
Nanophoton, Osaka, Japan) at room temperature. The Raman spectra were recorded under a 785 nm
laser excitation. Transmittance spectra of the UP resin during the crosslinking reaction were measured
by a Fourier Transform-Infrared Spectroscopy (FT-IR) spectrophotometer (FT/IR-4700 with ATR PRO
ONE equipped with a diamond prism, Jasco, Tokyo, Japan). The ATR FT-IR spectrophotometer with a
resolution of 1 cm−1 in the transmission mode was used for kinetic measurement of the crosslinking

108



Materials 2019, 12, 945

reaction. The glass-transition temperature (Tg) was determined by a differential scanning calorimetry
(DSC) (DSC2920, TA Instruments Co., New Castle, DE, USA) at a heating rate of 10 ◦C min−1. The haze
value was measured to evaluate the transparency and scattering properties of the sample films using
an integrating sphere. The haze value (%) was measured using an integral sphere and calculated as
the total light intensity of the scattered light divided by the total light intensity of the sum of scattered
and transmitted light. The geometry of the haze value measurement system is shown in Figure S1.
The external diffraction efficiency was measured using a 4f reduction projection system, as shown in
Figure 3. A vertical fringe pattern image with an s-polarized 532 nm writing beam reflected through
a polarizing beam-splitter was projected directly onto the sample. A PC-controlled vertical fringe
interference pattern with a grating number of 100 on a special light modulator (SLM) (1920 pixels wide
× 1080 pixel high; 8.0 μm pixel size, HOLOEYE Photonics Co., Pittsfield, MA, Germany) provided
a fringe pattern spacing of Λ = 25 μm on the sample surface. A weak s-polarized reading beam of
1 mW with a DPSS laser at 640 nm (BoleroTM, Cobolt Co., Solna, Sweden) was illuminated on the
sample surface, and the first-order diffraction intensity from the resultant refractive index gratings
was measured by a silicon photodiode.

Table 1. Experimental conditions for the aqueous dispersions.

Entry CACzE Aqueous Dispersion (10−4 mol L−1) Surfactant (g)

1 1.9 0.1
2 3.8 0.2
3 5.7 0.3
4 7.6 0.4
5 9.5 0.5
6 11.4 0.6
7 13.3 0.7
8 15.2 0.8
9 17.1 0.9
10 19.0 1.0
11 38.0 2.0
12 76.0 4.0

Figure 2. Schematic of the experimental procedure for the dispersion dyeing method. (i) A two-liquid
mixing resin (UP resin/Permek N = 100/2 wt.%) deposited on a glass substrate; (ii) coating with an
applicator with a 100 μm gap and curing; (iii) dyeing in the pressure proof dyebath; and (iv) washing
with DMSO.

We used the intensities of incident light (I0) and first-order diffracted light (Id1) to evaluate the
first-order diffraction efficiency η1 with Equation (1):

η1 =
Id1
I0

× 100. (1)
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The response time τ of the first-order diffraction efficiency η1 as a function of time was fitted by
the Kohlrausch-Williams-Watts stretched exponential function in Equation (2),

η1 = η0

{
1 − exp

[
−
(

t
τ

)β
]}

, (2)

where t is the time, η0 is the steady-state external diffraction efficiency, and β (0 < β ≤ 1) is the
parameter related to a dispersion.

Figure 3. Schematic representation of the 4f reduction projection system: L—lens, M—mirror;
PBS—polarizing beam splitter, PC—personal computer SLM—spatial light modulator, and
D—photodiode. Laser sources are a green CW laser at 532 nm for recording and a red laser at
640 nm for reading.

3. Results and Discussion

The UP resin was synthesized using the free radical chain-growth crosslinking reaction of an
unsaturated polyester and styrene monomer with curing reagents, as shown in Figure 4a. During
the crosslinking reaction at room temperature, the peroxides in the curing reagents acted as catalysts.
The qualitative degree of the crosslinking in the UP resin containing 2 wt.% curing reagents was
investigated using the ATR-FT/IR absorption measurements and analysis. Figure 4b shows the
ATR-FT/IR absorption spectra for the UP resin after the addition of the curing reagents in the film.
These spectra were measured in the dark, over time, at room temperature, and their spectra at
each elapsed time were used for the kinetic evaluation of the crosslinking reaction. The ATR FT-IR
spectrum of the as-prepared UP resin film shows absorptions at 3081, 3059, 3026, 2982, 2955, 1728, 1646,
1630, 1600, 1579, 1494, 1449, 1371, 1286, 1127, 1071,1042, 1021, 992, 910, 846, 778, 743, and 701 cm−1.
These bands are ascribed to the terminal methylene C–H stretching (3081 cm−1), aromatic C–H
stretching (3059 and 3026 cm−1), symmetric C–H stretching 2982 cm−1, aliphatic C–H stretching
(2955 cm−1), C=O stretching (1728 cm−1), C=C stretching (1646 and 1630 cm−1), aromatic C=C
stretching (1600 and 1579 cm−1), C–H stretching (1494 cm−1), C–H bending (1449 cm−1), aliphatic C–H
stretching in methyl (1371 cm−1), Ph–C=O stretching (1286 cm−1), Ph–C–O stretching (1127 cm−1),
C–H in-plane deformation (1071 cm−1), out-of-plane C–H bending in CH=CH2 (992 and 910 cm−1),
C–O–C stretching (846 cm−1), C=C stretching in CH=CH2 (778 cm−1), and aromatic out-of-plane
C–H bending (743 and 701 cm−1) of the UP resin and styrene. The transmittances based on the
absorption of C=C stretching at 1646 and 910 cm−1, out-of-plane C–H bending in CH=CH2 at 992 and
910 cm−1, and C=C stretching in CH=CH2 at 778 cm−1 are significantly increased upon increase of
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the curing time, implying the reduction of the C=C bonds is due to the progress of the crosslinking
reaction at room temperature. The reduction of the C=C in styrene during the crosslinking reaction
was determined by the transmittance change, ΔT/T0 (ΔT is an absolute change in the transmittance
given by T−T0, where T is the transmittance at a time after curing and T0 is the transmittance before
curing), at 778 cm−1. The plots of the transmittance change ΔT/T0 leveled out at approximately
24 h curing, which indicated that the crosslinking reaction was almost complete at 24 h. It should
be noted here that most of the styrene monomer does not remain in the UP resin film after curing
for 24 h. Because the reaction between the styrene monomer and fumaric acid ester is faster than the
reaction between styrene monomers, it is assumed that styrene polymer does not remain in the UP
resin film. As shown in Figure S2, the glass-transition temperature (~100 ◦C.) of the styrene polymer
was not detected. The glass-transition temperature, Tg, of the UP resin film after curing for 24 h was
33.2 ◦C. This glass-transition temperature of the UP resin film indicated that the amount of styrene
contained in the UP would be 6% or less [15]; it has been reported that the UP resin is a stable film
without weight loss up to about 300 ◦C. In addition, swelling and shrinkage before and after curing
of the UP resin were not confirmed. Descriptions of the complicated curing mechanisms of the UP
resin have been extensively reported in the literature [16]. Optical transparency is one of the most
important characteristics of the holographic display. The haze value (%), defined by the ratio of diffuse
transmittance (%)/total light transmittance (%) × 100, was measured for the UP resin film after curing
and before dyeing, and was found to be 5.0%. Although a haze value of 4% or below is prefereable
for holographic display applications, the haze values are acceptable for reflection and transmission
holography. Furthermore, an UP resin film with a haze value of 5% is a smooth surface and shows
high transparency with no scattering; this value is similar to the polymethyl methacrylate (PMMA)
haze value of 2.6% [7]. The evaluation of the haze value for the obtained UP resin film is useful for the
performance of holograms and other research fields, such as organic light emitting devices.

Figure 4. (a) Crosslinking reaction of the UP resin. (b) ATR-FT/IR spectra of a UP resin film and the
transmittance change ΔT/T0 at 778 cm−1.
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The UP resin films are immersed in the aqueous dispersion dyebath and heated at a temperature
above the Tg of the UP resin before the CACzE dyes are absorbed into the UP resin film. The CACzE
dyes that remain at the surface of the UP resin films are removed with DMSO. The concentration
of the CACzE dye uptake in the UP resin films was estimated based on the absorbance at 561 nm,
as shown in Figure S3. The concentration of the CACzE dye uptake increased from 0.49 to 6.75 wt.%
by increasing the concentration of the aqueous dispersion and the immersion time (all results are
summarized in Table S1). The relationship between the equilibrium of CACzE dye uptake and the
concentration of CACzE aqueous solution is shown in Figure 5a, and the Freundlich isotherm model
was applied to the equilibrium data. For ordinary adsorption, the Langmuir adsorption isotherm
model, showing a saturation point with increasing concentrations, should be adopted. However,
it is suggested that the adsorption curves of the UP resin films appear not to be saturated; that is,
the Freundlich isotherm model, which fits well with the adsorption behavior in the low concentration
region, would be appropriate [17]. As a result, the maximum concentration of the CACzE dye uptake
in the UP resin film was 6.75 wt.% at 7.60 × 10−3 mol L−1 CACzE aqueous dispersion (Entry 12),
with a dyebath temperature at 120 ◦C, and an immersion time of 12 h. When the concentration,
immersion time or dyebath temperature were higher than these conditions, which demonstrated the
maximum dye uptake, the UP resin film resulted in more light scattering and brittle texture. Figure 5b
shows a photograph of a 100 mm square size UP resin film with a dye uptake of 3.65 wt.% after
dyeing (Entry 10, immersion time 12 h). The large size UP resin film was uniformly dyed, and its
transparency was remained relatively high, showing a smooth surface; however, the haze value was
11.6%. Figure 5c shows the depth profiles of the dye-doped UP resin film (Entry 10), where the Raman
peak of Ph–N= [18] unit in CACzE dye at 1148 cm−1 was measured using laser Raman spectroscopy,
and are plotted as a function of the measurement depth. Figure 5d shows a schematic illustration for the
laser Raman measurement and the schematic profile of dye concentration distribution in the direction
of film depth. The CACzE dye concentration vs. the depth profile shows a diffusion-controlled
distribution of the CACzE dye concentration, which indicates that the CACzE concentration declines
as the depth into the film bulk increases. The average concentration of the CACzE dye uptake in
the UP resin film dyed at 1.90 × 10−3 mol L−1 CACzE aqueous dispersion (Entry 10), a dyebath
temperature at 120 ◦C, and the immersion time for 12 h was 3.65 wt.% based on the absorbance at
561 nm. On the other hand, as shown in Figure 5c, the concentration of the CACzE dye in the range of
10 μm from the surface was 7.53 wt.%; however, the CACzE dye concentration significantly decreased
at the deeper position in the film. This dyeing process is a noteworthy technique for fabricating a
~10 μm thick film with a dye concentration of 7 wt.% or higher, which can be much more powerful and
effective for large size film than the spin-coating technique. Furthermore, the advantage of the dyeing
process is that it is not a batch process and therefore has a relatively high throughput compared to the
spin-coating process. Finally, the actual amount of dye used in the dyeing process was very low, and it
was possible to incorporate all of dye into the substrate. The dyeing process will certainly be effective
for holographic application requiring large area transparency. The depth profiles are noted; the CACzE
concentration is near zero at a depth of 70 μm, and a film thickness of 70 μm or less is preferable in
this dyeing process.

The holographic gratings for the films containing azobenzene moieties were induced by two kinds
of processes; a modulation of the polarization grating due to the nanoscopic angular reorientation of
azobenzene moieties and a modulation of the surface relief grating induced by a macroscopic molecular
migration of azobenzene molecules. The latter is well-known to produce thermally stable gratings [19].
In the present case, no surface relief gratings were observed on the surface of the dye-doped UP
resin films.
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Figure 5. (a) Dye uptake isotherms of the CACzE dye on the UP resin film (dyebath temp. 120 ◦C); (b) a
photograph of an UP resin film with 100 mm square after dyeing; (c) CACzE concentration vs. depth
profiles for the dye-doped UP resin films (Entry 10); and (d) a schematic illustration of dye-doped UP
resin film.

The first order diffraction efficiency, η1, was plotted as a function of the recording time, followed
by the elapsed time at room temperature for the dye-doped UP resin film (Figure 6). The interference
fringe pattern of the writing beam was turned on at time zero. As the time elapsed, the increase in
the first-order diffraction efficiency η1 was measured. The writing beam of the interference fringe
pattern was turned off at 50 s. As a result, a steady-state η1 of 0.23%, a response (rising) time τ of
5.9 s, and a decay time of 3.6 s were measured. In comparison, a melt-pressed PMMA film containing
CACzE of 3.65 wt.% (CACzE/PMMA), and a first-order diffraction efficiency η1 at 5.9 s was almost
the same value (η1 = 0.55%); however, the haze value of the dye-doped UP resin film was slightly
higher than the value of the CACzE/PMMA of 3.65 wt.%. Therefore, the optical loss seemed to
be lowering the first-order diffraction efficiency of the dye-doped UP resin film. The diffraction
grating can be classified as the Raman-Nath regime because the product of the grating thickness d
and the writing beam wavelength λ in the film was smaller than the square of the fringe pattern
spacing Λ, Λ2 > dλ. The equation for the theoretical grating thickness dt is I = I0 exp(−αdt), where
an absorption coefficient α = 126 cm−1 at 532 nm, and it is estimated to be 365 μm. The absorption
coefficient α of the dyed-doped UP resin film was given by absorption spectral feature (Figure S3,
Supplementary Materials). Accordingly, Λ2 > dλ held, and the diffraction grating could be determined
as the Raman-Nath regime. The result indicated that it was clearly different from the azo-mesogenic
polymers or azo-elastomers showing Bragg diffraction derived from the surface relief grating which
has been reported so far [20–23] The refractive index modulation Δn in a transmitted Raman-Nath
grating is proportional to the diffraction efficiency for sinusoidal phase grating expressed by first-order
Bessel functions [24,25]:

η1 = J2
1 (δ) = J2

1

(
2πdΔn
λ cos θ

)
(3)

where η1 is the first-order diffraction efficiency, J1 is the first-order Bessel function, d is the grating
thickness, Δn is the refractive index modulation, θ is the incidence angle of the reading beam within
the film, and δ is the Raman-Nath parameter. Thus, a refractive index modulation Δn was estimated to
be 1.3 × 10−4 with first-order diffraction efficiency of 0.23% and the other parameters were: θ = 21.5◦,
λ = 640 nm, δ = 0.096, and d = 70 μm. The grating thickness d considered here corresponds to the
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measured depth profile of the CACzE concentration. However, the refractive index modulation Δn of
1.3 × 10−4, corresponding to the steady-state η1 of 0.23%, showed a relatively low value compared to
the values previously reported [7]. The cause of this low diffraction efficiency in the film is established
in Figure 5c. The concentration of dyes had a significant gradient along the depth into the UP
resin film. This concentration gradient of the CACzE dyes may be responsible for the low optical
diffraction. Another possible reason is the difference of the matrix. The former matrix was poly(methyl
methacrylate) (PMMA) and the present matrix is epoxy resin. The environment around the CACzE
dyes in the matrix significantly affect the photo-isomerization process. For example, the interaction
between the CACzE dyes and matrix and/or the free volume in the matrix allowing the rotation of the
trans-cis photo-isomerization would affect the optical diffraction. These points should be clarified in
future studies. However, the present results of the diffraction properties in the dye-doped UP resin
film provide the success of the holographic film using the dyeing process.

Figure 6. Top-view schematic representation of diffraction responses of probe beam for perpendicular
orientation (left) and random orientation (right) of the CACzE dyes. (a) Time evolution of the first-order
diffraction efficiency for the dye-doped UP resin film with 3.65 wt.% (Entry 10, immersion time 12 h).
(b) Time evolution of the first-order diffraction efficiency for the melt-press CACzE/PMMA with
3.65 wt.%.
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The response times of the dye-doped UP resin film show a faster response than those of the
melt-pressed CACzE/PMMA film (the response time is not saturated within 50 s as shown in Figure 6b),
which may be due to the higher glass-transition temperature Tg of the CACzE/PMMA film than
the dye-doped UP resin film. The thermal decay of η1 for the dye-doped UP resin film after being
turned off is shown in Figure 6a. The decay time corresponded to the single exponential decay
function, and the decay time constant τd was estimated to be 3.6 s, faster than that of the melt-pressed
CACzE/PMMA film. The holographic properties of the dye-doped UP resin film obtained in the
dyeing process were relatively low in comparison to a standard melt-pressed PMMA film containing
30 wt.% CACzE dye; however, the film size was 16 times larger than the standard film. In other words,
if a large size, as well as high concentration, can be achieved by improving the dyeing process, a large
size film with high holographic properties will be obtained.

In conclusion, the dyeing process successfully introduced the CACzE dyes into the UP resin film
in an aqueous solution. The gradient concentration ranging from 6.75 to 0.49 wt.% was measured
along the depth from the sample surface, and the concentration in the range of 10 μm from the surface
was approximately twice as high as the average concentration of 3.65%. The typical holographic
characteristics, including a steady-state η1 of 0.23%, response time τ of 5.9 s, and decay time of 3.6 s,
are given.

4. Conclusions

The holographic properties of a CACzE azo-carbazole dye in a UP resin were investigated.
The crosslinking of the UP resin containing 2 wt.% curing agents was evaluated using an ATR-FT/IR
analysis. The CACzE dyes were successfully dispersed into the UP resin film in the aqueous dye
solution. The total amount of dye uptake during the dyeing process ranged from 0.49 to 6.75 wt.%.
The dye-doped UP resin films using the dyeing process showed that the resulting concentrations
of the CACzE dye uptake increased in proportion to the concentration of the aqueous solution and
the immersion time, ranging from 0.49 to 6.75 wt.%. The dye-doped UP resin film with 3.65 wt.%
exhibited a steady-state holographic diffraction efficiency of η1 of 0.23%, response time of τ of 5.9 s,
and decay time of 3.6 s. The present dyeing process using aqueous solutions is a contribution to,
and an advantage for, fabricating large-sized holographic devices as well as fabricating the photonic
devices based on any polymer film containing organic dye.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/12/6/945/s1,
Figure S1: Haze value measurement system. (a) Measuring total transmitted light intensity. (b) Measuring
scattered transmitted light intensity. A collimated light of 636 nm was used as the probe beam. Figure S2: DSC
thermogram with heat flow signal vs. temperature for the UP resin film after curing for 24 h. Figure S3: UV–visible
absorption spectra of the dyed UP resin films at each immersion time. Table S1: Film thickness, absorbance,
dye uptake for the UP resin films after dyeing processes.
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Abstract: A photopolymerizable thiol-ene composition was prepared as a mixture of pentaerythritol
tetrakis(3-mercaptopropionate) (PETMP) and 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TTT),
with 1 wt. % of 2,2-dimethoxy-2-phenylacetophenone (DMPA) photoinitiator. A systematic
analytical analysis that investigated the crosslinked PETMP-TTT polymer coatings employed Fourier
transform infrared spectroscopy, ultraviolet–visible spectroscopy, differential scanning calorimetry,
thermogravimetric analysis, pencil hardness, thermo-mechanical cyclic tensile, scratch testing, and
atomic force microscopy. These coatings exhibited high optical transparency and shape-memory that
assisted scratch-healing properties. Scratches produced on the PETMP-TTT polymer coatings with
different constant loadings (1.2 N, 1.5 N, and 2.7 N) were completely healed after the external stimulus
was applied. The strain recovery ratio and total strain recovery ratio for PETMP-TTT polymer were
found to be better than 94 ± 1% and 97 ± 1%, respectively. The crosslinked PETMP-TTT polymer
network was also capable of initiating scratch recovery at ambient temperature conditions.

Keywords: photopolymerizable; thiol-ene network; scratch-healing; transparent

1. Introduction

Transparent polymer films are widely used as protective coatings in flat panel displays, touch
screens, photovoltaic cells, and other devices. Accidental cuts and scratches tend to accumulate on the
surface of transparent films and lead to the worsening of the optical transmission and distortion of
displayed images. Thus, desirable but still challenging properties of such films are scratch resistance,
with an ability to repair the damaged surface by self-healing.

Nowadays, there is a large variety of self-healing polymers, which can be classified into two
broad categories: extrinsic and intrinsic self-healing materials [1,2]. Extrinsic self-healing polymers
require inclusion of the specific healing agents that are loaded into microcapsules or vascular networks
within a polymeric matrix. In this case, self-healing is triggered by the rupture of healant loaded
vessels [3–5]. However, fabrication of the highly transparent extrinsic self-healing coatings are
complicated, as various inclusions strongly scatter visible light and decrease optical transparency
of the films [6]. On the contrary, intrinsic self-healing polymers are able to recover their properties
due to the inherent physical interactions, such as molecular interdiffusion or reversible chemical
bonds [4]. Reversible chemical bonding includes covalent bonds (i.e., dynamic bond exchange,
Diels–Alder reactions, reversible C-ON bonds, photo-reversible reshuffling, and disulfide interchange),
non-covalent interatomic bonds (metallic and ionic) and intermolecular forces (hydrogen and Van der
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Waal’s bonds) [4,7,8]. Exploration of reversible and adaptive noncovalent interactions has resulted
in the development of highly complex chemical systems, e.g. supramolecular polymers, which have
frequently been employed as self-healing materials [9,10]. Intrinsic self-healing polymers exhibit a
latent self-healing functionality that is triggered by damage or by an outside stimulus (e.g. heat, light,
or pressure) [11].

Recently, shape-memory polymers (SMPs) have attracted the attention of researchers, as materials
capable of recovering their original shape after a temporary deformation when external stimulus
is applied provides a mechanism to facilitate self-healing by bringing fractured surfaces into close
proximity [12–14]. The main advantage of SMPs is the inherent shape recovery effect that eliminates
the need for external force to partially or fully close the cracks, scratches, and other surface defects.
However, it should be noted that in order to fully heal deep cuts the shape-memory effect is not
sufficient and must be combined with other known intrinsic methods of self-healing [7].

A wide variety of polymers have been found to possess shape-memory properties. Among
the them are amorphous covalently cross-linked (meth)acrylate-based shape-memory polymer
networks prepared using free-radical polymerization, popular for their transparency and tunable
properties [15,16]. Main drawbacks of the (meth)acrylate-based polymers include formation of
heterogeneous polymer network and inhibition of the polymerization reaction by oxygen. Compared to
commonly used (meth)acrylate-based SMPs, thiol-ene polymer systems present numerous advantages,
including the negligible oxygen inhibition, low volume shrinkage, homogeneity of the polymer
network, toughness, flexibility, and high optical transparency of the polymerized films [17–19].

The thiol-ene radical reaction (Scheme 1) is an organic reaction that involves the addition of a
thiol to an alkene molecule to form an alkyl sulfide, also referred to as hydrothiolation [20]:

Scheme 1. The thiol-ene radical reaction, produced from [20], with permission from © The Royal
Society of Chemistry.

It commonly proceeds through the photochemical radical-initiated step-growth mechanism
(Scheme 2), where thiyl radical from thiol component adds across a vinyl functional group of alkene,
followed by the hydrogen abstraction from a thiol functional group resulting in the formation of
carbon-centered radical, which undergoes chain transfer to a thiol group, regenerating the thiol
radical [20,21]. This reaction cycle continues until one component is completely consumed.

Scheme 2. The photochemical radical-initiated step-growth mechanism of the thiol-ene polymerization
reaction, produced from [20], with permission from © The Royal Society of Chemistry.
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Thiol-ene reactions are very fast and can complete in a matter of seconds. Furhter, they can
withstand mild reaction conditions, as well as react with a little photoinitiator and can proceed without
solvent that can be easily removed. Moreover, they do not require expensive transition-metals as
catalysts [22–24]. The reaction proceeds more efficiently at pH in the range of 4–7 [25]. Thiol-ene
reaction efficiency and kinetics are also highly dependent on the structure of the alkene moiety,
where the reactivity is the greatest with strained and electron rich alkenes [26–28]. It is one of the
most widely used reactions to prepare new crosslinked (e.g. tri- or tetrafunctional thiols and enes)
or linear (using dithiols and dienes) branched polymeric structures with relatively narrow glass
transition temperature range [29–32]. A common photoinitiator used in the thiol-ene reactions is
2,2-dimethoxy-2-phenylacetophenone. It gives a benzoyl radical and a tertiary carbon-centered radical
which can insert directly into a carbon–carbon alkene bond or abstract a hydrogen atom from a thiol
group carbon radical, which starts characteristic thiol-ene free-radical chain reaction [20].

Herein, we designed the thiol-ene shape-memory assisted scratch-healing polymer system that
responds not only to the temperature changes as the external stimulus but is also capable of initiating
a scratch recovery at ambient temperature conditions. Importantly, the developed thiol-ene polymer
network exhibits high optical transmittance and holds a great potential as a high-performance flexible
transparent material for optoelectronic applications.

2. Materials and Methods

2.1. Materials

All reagents and solvents were obtained at the highest purity and used without further purification
unless otherwise specified. For instance, 1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (TTT,
trifunctional allyl component), pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, tetrafunctional
thiol component), and 2,2-dimethoxy-2-phenylacetophenone (DMPA, photoinitiator) were obtained
from Sigma-Aldrich. Chemical structures of the trifunctional allyl, tetrafunctional thiol components,
and photoinitiator are shown in Scheme 3.

Scheme 3. Chemical structures of the starting compounds. These structures can be also found via
Sigma-Aldrich search engine. (TTT, trifunctional allyl component); (PETMP, tetrafunctional thiol
component); and (DMPA, photoinitiator).

2.2. Preparation of the Thiol-Ene PETMP-TTT Networks

Photopolymerizable thiol-ene composition was prepared as a mixture of PETMP and TTT with
1:1 stoichiometric ratio of thiol to ene functional groups, containing 1 wt. % of DMPA. The reason
we chose cleavage photoinitiator is that it gives higher quantum yield for the production of reactive
radicals as compared to the hydrogen-transfer photoinitiators [20]. Photoinitiator was dissolved in a
warm PETMP at 60 ◦C in an amber glass jar, then the calculated amount of TTT was added avoiding
the direct day or artificial light; components were thoroughly mixed with a spatula. The clear colorless
viscous mixtures were applied on flexible polyethylene terephthalate (PET) substrates (APLI paper
S.A., product Ref. 10580) as a 100 μm thick layer via the Meyer rod coating method. The PET substrate
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(thickness 0.1 mm) side was suitable for inkjet printing and was used in the deposition process. The
water contact angle (CA) for this substrate side was determined to be 30 ± 1◦, which is significantly
lower than for polydopamine-coated (CA = 49.8◦) or carboxyl-group-modified (CA = 50.6◦) PET [33],
but close to the O2 plasma treated PET films (CA = 34 ± 1◦) [34]. In another instance, deposition was
performed on the polytetrafluoroethylene (PTFE) plate. Samples were cured simultaneously at the
intensity of 1.64 mW/cm2 (wavelength: 254 nm) and 0.8 mW/cm2 (wavelength: 365 nm). After that,
cured network was obtained, denoted as PETMP-TTT. Free-standing PETMP-TTT films were obtained
by gently peeling the film from the PTFE plate.

2.3. Characterization

A Vertex 70 Fourier transform infrared (FTIR) spectrometer (Bruker Optics Inc., Ettlingen,
Germany) equipped with a 30Spec (Pike Technologies) specular reflectance accessory having a fixed
30◦ angle of incidence (3/16” sampling area mask), was used to record the spectra. The sample was
laid face down across the top of the 30Spec accessory and the spectrum of the sample was recorded at
a resolution of 4 cm−1. The software OPUS 6.0 (Bruker Optics Inc.) was used for data processing of the
baseline correction of spectra.

Differential scanning calorimetry (DSC) measurements were carried out by using a Q2000
thermosystem (TA Instruments). The samples were examined at a heating/cooling rate of 10 ◦C/min
under nitrogen atmosphere. Thermogravimetric analysis (TGA) was performed on a Q50 analyzer
(TA Instruments). The heating rate was 10 ◦C/min under nitrogen atmosphere.

The pencil hardness test was used to measure the hardness of the PETMP-TTT coating, according
to the standard ASTMD 3363. A vertical load of 750 g was applied at an angle of 45◦ to the horizontal
coating surface, as the pencil was moved over the sample. The grade of coating was judged by the
worn surfaces immediately after the pencil hardness tests.

Optical properties of the PETMP-TTT coatings were evaluated by measuring ultraviolet–visible
(UV–Vis) transmission. Measurements were conducted using a fiber optic UV/VIS/NIR Spectrometer
AvaSpec-2048 (Avantes, Apeldoorn, the Netherlands) in the wavelength range from 300 to 800 nm,
with a resolution of 1.4 nm.

Thermo-mechanical cyclic tensile testing was performed using machine H10KT (Tinius Olsen,
Kongsberg, Norway) equipped with a temperature controllable chamber. The sample was first heated
to 70 ◦C for 120 s and then strained to 1.0% at a speed of 20 mm/min. After that, the sample was
cooled to room temperature while 1.0% of the strain was kept for 10 min to fix temporary elongation.
Next, the lower clamp returned to the original position. Once the force on the sample was released,
it was heated again to 70 ◦C in order to recover; that is when the second cycle started. This cycle was
repeated three times and the stress-strain curves were recorded for analysis. The maximum strain in
the cyclic tensile tests and the residual strain after recovering in the Nth cycle were determined from
stress-strain curves and used to calculate the strain recovery ratio Rr, as well as the total strain recovery
ratio Rr,tot after N passed cycles [35]. For the equations of Rr and Rr,tot (i.e., Equations (1) and (2)),
please refer to [35].

Scratch testing of PETMP-TTT coatings was performed with a custom-made PC controlled scratch
testing apparatus. During the scratch test the PETMP-TTT coatings were scratched (scratch length
10 mm and speed 0.2 mm/s) with a sphero-conical stylus (cone angle 90◦ and indenter radius 45 μm)
applying the constant loading of 1.2 N, 1.5 N, and 2.7 N, respectively. The scratches were performed in
air atmosphere (temperature 23 ◦C and humidity 40%). The B-600MET series upright metallurgical
microscope (OPTIKA Srl, Ponteranica, Italy) with a c-mount 2560 × 1920 resolution (5.0 Mpixel)
camera (Optikam Pro 5LT) was used for the inspection of a scratch track before and after thermal
treatment (70 ◦C for 5 min) of the coating. Inspection was performed immediately after the scratch
test. The optical images of the scratch tracks were converted to greyscale with brightness and contrast
levels equalized for each image, respectively. Scratch track profiles were obtained using a precision
surface roughness tester TR200 (SaluTron Messtechnik GmbH, Frechen, Germany). In another instance,
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sphero-conical stylus was replaced with 19 mm precision stainless steel miniature wire cup brush with
1/8 inch shank and the surface of the coating was brushed applying the constant loading of 1.2 N and
speed of 0.2 mm/s for two cycles (i.e. forward and backwards = 1 cycle). Brushing track length was
10 mm. Afterwards, time-lapse optical microscopy inspection was performed in order to reveal the
self-healing properties of PETMP-TTT coatings; no external stimulus for the coating was applied in
this case.

Surface morphology of PETMP-TTT coatings was investigated using atomic force microscopy
(AFM). AFM experiments were carried out at room temperature using a NanoWizardIII atomic force
microscope (JPK Instruments, Bruker Nano GmbH, Berlin, Germany), while the data was analyzed
using a SurfaceXplorer and JPKSPM Data Processing software (Version spm-4.3.13, JPK Instruments,
Bruker Nano GmbH). The AFM images were collected using a V-shaped silicon cantilever (spring
constant of 3 N/m, tip curvature radius of 10.0 nm and the cone angle of 20◦) operating in AC mode.

3. Results and Discussion

First, FTIR spectroscopy was used to determine optimal UV curing time for PETMP-TTT. Figure 1
shows the FTIR spectra of PETMP-TTT reaction mixture for the different UV curing time. The
absorption peak of the S–H stretching band vSH is located at 2570 cm−1 [36]. After 30 s, there was
a significant decrease of vSH (Figure 1b), indicating that thiol consumption proceeds very quickly.
With the progress of the reaction, vSH slightly decreases until UV-curing time is at 120 s. After that,
no change of the vSH intensity was observed, suggesting that the thiol conversion was complete.
Accordingly, UV curing time of 120 s was chosen to form PETMP-TTT networks.

Figure 1. Fourier transform infrared (FTIR) spectra of PETMP-TTT reaction mixture for different UV
curing time: (a) 0 s, (b) 30 s, and (c) 120 s. Inset: evolution of S–H band.

Figure 2a shows the DSC curves of the crosslinked PETMP-TTT polymer network. The high
thiol functionality and high conversion resulted in relatively high glass transition temperature (Tg),
with a value of 41 ± 1 ◦C and supported the FTIR results. This result is in good agreement with
the Tg value previously reported in [37]. Thermal stability of the crosslinked PETMP-TTT polymer
network was investigated by evaluating the weight loss behavior via TGA under nitrogen atmosphere.
The quantitative properties such as the resultant weight loss temperature (Td5%) and the temperature
corresponding to the maximum weight loss (Tdmax) were determined from TGA curve and are shown
in Figure 2b. It can be seen that PETMP-TTT polymer network exhibits high thermal stability with
Td5% = 364 ◦C, which can be attributed to high thiol functionality resulting in high crosslinking density
in the polymer network, which is in agreement with the FTIR results. The high Tdmax (444 ◦C) shows
that the crosslinked polymer network has a very good heat resistance. It may originate from the
nitrogen heterocycle in PETMP-TTT system.
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Figure 2. Differential scanning calorimetry (DSC) (a) and thermogravimetric analysis (TGA) (b) curves
of the crosslinked PETMP-TTT polymer network.

Fabricated PETMP-TTT coatings could be characterized as glossy transparent films that ensure a
smooth, comfortable touch feeling. The surface hardness of cured PETMP-TTT coatings was measured
using pencil hardness test. Figure 3 shows the characteristic optical microscope digital photographs
of PETMP-TTT coatings after the pencil hardness test. It was found that the pencil hardness value of
3B left no scratches on the coating surface—successfully passing the test—while the pencil hardness
value of 2B failed. Shin, Junghwan, et al., who fabricated thiol-isocyanate-ene ternary networks by the
sequential dual cure system, have also reported on similar pencil hardness value for polymer network
with SH/C=C/NCO functional group molar ratio of 100:100:0 [38].

Figure 3. Characteristic optical microscope digital photographs (magnification 150×) of PETMP-TTT
coatings after pencil hardness test: (a) 3B passed test and (b) 2B failed test.

From the digital photo (Figure 4), it can be directly seen that the crosslinked PETMP-TTT polymer
network has very good transparency. Specifically, PETMP-TTT coatings show high transmittance in
the wavelength range of 400–800 nm. At 300 nm, the transmittance of PETMP-TTT polymer network
on PET substrate is close to zero, indicating very good blocking effect on medium and short-wave UV
light (UVB and UVC bands).

In order to verify shape-memory effect in the fabricated PETMP-TTT polymer film, a simple test
was performed. Free-standing PETMP-TTT film was folded to a certain shape and while this shape was

124



Materials 2019, 12, 482

fixed, the PETMP-TTT polymer was cooled down below 0 ◦C and left to stand at room temperature
for 5 min. Afterwards, a free-standing PETMP-TTT film was heated with hot air (50–60 ◦C) and the
shape recovery process was recorded. Figure 5 shows the shape recovery process of the free-standing
PETMP-TTT film at different time instances and when heated with a hot air. Before the heating started,
the vitrified film “remembered” its temporary shape (Figure 5a) so that only minor instantaneous
recovery could occur at an ambient temperature. Heating above Tg triggered a fast return from
temporary to the permanent shape through mobilization of the constituent polymer chains and release
of latent strain energy. Full shape recovery of the tested film was achieved within 10 to 12 s. This result
clearly indicated that crosslinked PETMP-TTT polymer network possesses shape-memory properties.

Figure 4. UV-vis spectrum and digital photo of PETMP-TTT coating on PET substrate over KTU logo,
displayed through a computer monitor.

Figure 5. Shape-memory test of the crosslinked PETMP-TTT polymer free-standing film: (a) Digital
photograph of free-standing PETMP-TTT film with fixed shape after cooling down below 0 ◦C and (b),
(c), (d), (e), (f), (g), and (h) shape recovery process at different time instances when heated with hot air.
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For further quantification of shape-memory’s effect on the thermo-mechanical cyclic, tensile
testing was performed. Figure 6 shows shape-memory behavior of the free-standing PETMP-TTT
film, with characteristic cyclic tensile stress-strain curves. The Rr and Rr,tot values for PETMP-TTT
polymer were found to be better than 94 ± 1% and 97 ± 1%, respectively, which indicates very good
shape-memory behavior comparable with recently published results for PEG blends [39]. A slight
improvement of Rr was observed with increase in the number of applied cycles: Rr increased from
94 ± 1% (first cycle) to 96 ±1% after three cycles of the tensile test. It can be considered as a normal
process for cyclic thermo-mechanical investigations, where the first few cycles often tend to differ from
each other because of the history of the film and reorganization of the polymer chains [40].

Figure 6. Cyclic tensile stress-strain curves of the crosslinked PETMP-TTT polymer network.

Scratch testing was performed in order to investigate the scratch-healing properties of PETMP-TTT
coatings after external stimulus was applied. Figure 7 shows optical microscope digital photographs
of scratch tracks obtained on the coating with different constant loading as well as corresponding
healing process of the scratch after 5 min at 70 ◦C. A scratch track profile area was used to calculate a
scratch-healing ratio (Sr) of PETMP-TTT coatings in Equation (1)

Sr =
A1 − A2

A1
× 100% (1)

where A1 stands for the scratch track profile area after scratch, while A2 stands for the scratch
track profile area after healing. Indicators for the beginning and the end of scratch are added along
the profiles. Scratch tracks obtained with the constant loading of 1.2 N and 1.5 N were almost
completely healed after the thermal treatment of the PETMP-TTT coating with an Sr of 96 and 94%.
It is important to note that no decomposition of polymer was observed during the thermal treatment
process. Furthermore, the crosslinked PETMP-TTT network also exhibited considerable scratch-healing
(Sr = 91%) properties of the scratches obtained with a higher constant loading of 2.7 N, as observed in
Figure 7c1 and c2.

In another instance, PETMP-TTT coatings were cooled down below 0 ◦C and left to stand at a
room temperature for 5 min prior to the scratch testing. This procedure was performed in order to
immobilize the polymer chains in covalently bonded 3D network and ensure improved form fixity.
The testing procedure was analogous to the previously described scratch test. Figure 8 shows optical
microscope digital photographs of scratch tracks obtained on the quenched coatings with different
constant loading as well as corresponding healing process of the scratches after 5 min at 70 ◦C. It is
evident that cooling down prior to the scratch testing resulted in a more efficient shape recovery of
the scratched films. In all cases, the scratches were completely healed with a Sr value of 99%. It is
suggested that a quenching of the polymerized PETMP-TTT network serves as a freezing process for
the internal strain energy, which is the primary driving force for the shape recovery of the scratched
polymeric films.
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Figure 7. Scratch-healing of the crosslinked PETMP-TTT polymer coatings: (a1), (b1), and (c1) optical
microscope digital photographs of characteristic scratch track sections before, and (a2), (b2), and (c2)
after the healing process of the scratch with different constant loading of 1.2 N, 1.5 N, and 2.7 N,
respectively. Insets show characteristic scratch track profiles with corresponding indicators for the
beginning and the end of scratch.

Figure 8. Shape-memory assisted scratch-healing of the quenched PETMP-TTT polymer coatings: (a1),
(b1), and (c1) optical microscope digital photographs of characteristic scratch track sections before, and
(a2), (b2), and (c2) after the healing process of the scratch with different constant loading of 1.2 N, 1.5 N,
and 2.7 N, respectively. Insets show characteristic scratch track profiles with corresponding indicators
for the beginning and the end of scratch.
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Further, the scratch self-repairing ability of PETMP-TTT coatings was investigated at room
temperature and without external stimulus applied. In this case, the surface brushing tests with a
stainless-steel miniature wire brush were performed. Figure 9 presents evolution of the initial film
scratches with a time at ambient temperature. It can be seen that noticeable scratches were made
by the brush wires having lateral dimensions of the order of tens of micrometers almost completely
disappear within 110 min time span even at a room temperature. Although the PETMP-TTT coatings,
that are heated above the Tg, initiate the shape-memory actuation response more rapidly, the healing
process for the brushed specimens is also quite effective. It can be associated with delayed elasticity of
the distorted polymer network. When PETMP-TTT polymer is heated above the Tg, the segmental
mobility of the network is higher [41], resulting in a faster self-healing process.

Figure 9. Scratch-healing of the crosslinked PETMP-TTT polymer network: (a) initial scratches obtained
after brushing; (b), (c), (d), and (e) images of the scratches after 10 min, 30 min, 50 min, and 110 min at
room temperature, respectively.

AFM measurements were performed to investigate the surface morphology of PETMP-TTT
polymer coating at the nanoscale (Figure 10). The topography of PETMP-TTT shows a homogeneous
surface with 22.0 ± 2◦ (i.e., the most frequent orientation) oriented morphological features having
a mean height of 3.64 nm and the root mean square roughness (Rq) of 0.40 nm. The surface of
PETMP-TTT is dominated by the valleys with skeweness (Rsk) value of -0.93 and has a leptokurtoic
distribution of the morphological features with kurtosis (Rku) value of 5.76, indicating many high
peaks and low valleys.

Figure 10. Characteristic atomic force microscopy (AFM) topographical image with normalized Z axis
in nm of PETMP-TTT polymer coating.

With the emergence of new optoelectronic products like foldable smartphones and wearable
electronic sensors with the flexible electronic components, scratch-healing properties of the materials
acting as protective coatings will be more and more desirable. The particular crosslinked PETMP-TTT
polymer network (Figure 11) that exhibits high optical transparency and efficient shape-memory
assisted scratch-healing properties could be considered as a functional layer for the structured
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optoelectronic devices. Importantly, this is a significant finding, as the scratch-healing properties
for PETMP-TTT polymer network were not explored previously. Synthesis, deposition, and curing
technological procedures of PETMP-TTT coatings are not sophisticated, time efficient, and scalable,
and thus could be easily integrated in the large area flexible electronic manufacturing processes.

Figure 11. Representation of the crosslinked PETMP-TTT polymer network fragment.

4. Conclusions

The PETMP and TTT, acting as tetrafunctional thiol and trifunctional allyl components,
respectively, were used in the preparation of photopolymerizable thiol-ene composition, with 1 wt.
% of DMPA photoinitiator. An optimal UV-curing time of 120 s was determined using FTIR spectra
analysis, and in particular, monitoring the intensity change of an S–H stretching band at 2570 cm−1. The
crosslinked PETMP-TTT polymer network exhibited a relatively high glass transition temperature (Tg)
with a value of 41 ± 1 ◦C, indicating high thiol functionality and high conversion. TGA measurements
showed that PETMP-TTT polymer network exhibits a high thermal stability, with Td5% = 364 ◦C, which
is a result of the high crosslinking density in the polymer network. The PETMP-TTT coatings passed
the 3B pencil hardness test. The shape-memory test revealed that PETMP-TTT polymer network
possesses shape-memory properties. Further quantification of the shape-memory behavior of the
crosslinked PETMP-TTT polymer was obtained using cyclic tensile testing. The determined Rr and
Rr,tot values were found to be better than 94 ± 1% and 97 ± 1%, respectively. It was found that scratches
produced with a different constant loading of 1.2 N, 1.5 N, and 2.7 N on the PETMP-TTT coating
heal more efficiently with a quenching procedure applied prior to the scratch testing. In this case, the
scratches were completely healed with Sr value of 99% for the all scratch testing instances. It was also
found that the crosslinked PETMP-TTT polymer network was also capable to initiate a scratch recovery
at ambient temperature conditions, presumably due to the delayed elasticity of the distorted polymer
network. It was suggested that a crosslinked PETMP-TTT polymer network could be integrated as a
scratch-healing and transparent coating in a new generation of the optoelectronic products.
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Abstract: High-quality magneto-optical ceramics (TbxY1−x)2O3 (x = 0.5–1.0) with a Bixbyite structure
were extensively investigated for the first time. The total performances of these ceramics were far
superior to those of commercial TGG (Tb3Ga5O12) crystal, which is regarded as the highest class
of Faraday rotator material. In particular, the Verdet constant of Tb2O3 (when x = 1.0) ceramic was
the largest—495 to 154 rad·T−1·m−1 in the wavelength range of 633 to 1064 nm, respectively. It was
possible to further minimize the Faraday isolator device. The insertion loss of this ceramic was
equivalent to that of the commercial TGG single crystal (0.04 dB), and its extinction ratio reached
more than 42 dB, which is higher than the value for TGG crystal (35 dB). The thermal lens effect
(1/f) was as small as 0.40 m−1 as measured by a 50 W fiber laser. The laser damage threshold of this
ceramic was 18 J/cm2, which is 1.8 times larger than that of TGG, and it was not damaged during a
power handling test using a pulsed laser (pulse width 50 ps, power density 78 MW/cm2) irradiated
at 2 MHz for 7000 h.

Keywords: faraday rotator material; optical isolator; transparent ceramics

1. Introduction

In 1995, highly efficient laser oscillation using a polycrystalline Nd:YAG (Y3Al5O12) ceramic
material was reported for the first time [1]. Since then, research and development on various types
of ceramic laser materials and laser oscillation has been successively reported [2]. Generally, ceramic
materials are easily influenced by Mie scattering and Rayleigh scattering [3–6] as they contain many
grain boundaries which degrade the oscillation efficiency and laser beam quality when they are used as
a laser gain medium. However, recent studies have revealed that certain types of ceramic materials can
provide novel characteristics that cannot be achieved in single crystals [7–9]. Polycrystalline ceramics
are anticipated to be widely applied to the field of photonics in addition to laser applications.

Faraday elements (Faraday rotator materials) that apply Faraday’s effect are classified into either
Fe-containing magnetic material [10,11] or paramagnetic material [12]. The former is represented
by Bi-doped iron garnet and is commonly used in isolator applications owing to its high isolation
performance. The latter—paramagnetic material—has been applied for wavelength regions lower than
1.2 μm where iron garnet cannot be used. Compared with those of the Fe-included magnetic type,
paramagnetic type isolators have extremely small Verdet constants. Even the commercially widely
used TGG (Tb3Ga5O12) material with a Garnet structure has a low Verdet constant at only around
36–40 rad·T−1·m−1 [13]. Consequently, the device needs to be of length 20 mm or more, and a larger
magnetic field is necessary for isolator applications. The technical issues above still need to be solved.
Although NTF (Na0.37Tb0.63F2.26) for high-power applications [14,15] and another garnet material,
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TSAG (Tb3Sc2Al5O12), have been reported [16], their Verdet constants are no more than 0.7 times and
1.3 times that of TGG, respectively.

In the case of the non-magnetic-type Faraday rotator, firstly, we considered that the content of Tb
ions must be as high as possible in the materials and the crystal structure must be Bixbyite in order to
improve the performance of the Faraday rotator materials, especially in terms of the Verdet constant.
Additionally, we found out that the development of Tb2O3-Re2O3 (Re:Sc, Y, Lu, Gd, etc.) would be the
most effective approach. However, since Tb2O3 is not stable at room temperature, when Tb4O7 is used
as a starting material, (1) oxygen gas is released during the sintering process, i.e., Tb4O7 → 2Tb2O3 +
1/2O2, and the powder compact is finally decomposed into pieces; and (2) it appears to undergo
phase transition from an orthorhombic ⇔ cubic crystal system near 1400 ◦C to an orthorhombic ⇔
hexagonal crystal system near 2100 ◦C [17,18]. These phase transitions cause volumetric changes in the
material and induce mechanical stress, causing cracking, etc. Therefore, there is almost no possibility
to produce this type of material using a conventional fabrication method such as melt growth or
sintering technologies.

In this study, we investigated the technological difficulties in the fabrication of this material and
systematically solved the above technical issues. High-quality transparent (TbxY1−x)2O3 (x = 0.5–1.0)
sintered bodies (hereafter abbreviated as TYO) with a Bixbyite structure were successfully produced,
and their total performances relating to their use in practical application as a Faraday rotator device
were extensively characterized for the first time. These TYO ceramics have optical properties well
suited for Faraday rotators, and due to their large Verdet constants, these new materials are very
promising for the development of Faraday rotators with very compact and small size compared to the
commercial TGG optical isolator.

2. Experimental Procedures

Tb4O7 (Shin-Etsu, Tokyo, Japan, RU, 99.99%) and Y2O3 (Shin-Etsu, RU, 99.999%) powders
were used as starting materials. Tb2O3 (yellowish white color) powders were prepared by heat
treating the dark brown Tb4O7 raw powders (Shin-Etsu, RU, 99.99%) under a hydrogen atmosphere.
Ethanol (analytical reagent) was used as the solvent. A small amount of ZrO2 (TOSOH, Tokyo, Japan,
TZ-0, 99.9%: 0.5–1.5 mass %) was used as a sintering aid.

Tb2O3 powder was mixed with Y2O3 powder in ethanol solvent for 10 h by a conventional
ball-milling process. The obtained slurry was dried and granulated by using a spray-dryer
(SAKAMOTO Engineering, TRS-4W, Kawasaki, Japan). The premixed Tb2O3-Y2O3 powders were
made into tablets using a metal mold (internal diameter: 8 mm) by uniaxial pressing (RIKEN,
CDM-5PA, Tokyo, Japan). Then, the tablets were isostatically pressed in a CIP machine (cold isostatic
press, KOBE Steel, P200, Tokyo, Japan) with a pressure of 196 MPa. Depending on the Tb doping level,
these powder compacts were sintered in a vacuum furnace (W-heater, Special ordered furnace, Futek
Furnace Inc., Yokohama, Japan) under a vacuum level of 1 × 10−3 Pa at 1500–1680 ◦C for 3 h. Then, the
pre-sintered tablets were treated in an HIP (hot isostatic press, KOBE Steel, SYS50X-SB, Tokyo, Japan)
machine with a temperature range from 1500 to 1700 ◦C for 2 h under Ar gas pressure at 176 MPa.
The sintering temperature and pressure were adapted in accordance with the Tb content. Transparent
ceramics were achieved after the HIP treatment. Their basic optical properties and magneto-optical
properties were investigated. Details of the characterization are described in the Supplementary
Materials. The technical issues relating to single-crystal TYO grown by the conventional melt growth
method are also discussed in the Supplementary Materials.

To evaluate the Faraday rotation performance, the same experimental setup reported in a previous
paper was used [19]. Samples of (Tb0.6Y0.4)2O3 ceramics (5 mm in diameter by 8 mm length) and TGG
single crystal (5 mm in diameter by 20 mm length, Electro-Optics Technology Inc., Traverse City, MI,
USA) with <111> orientation were used. Each sample was clamped in a copper holder and put in a
commercial Faraday rotator magnetic housing. The average magnetic field exerted on the TGG crystal
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and (Tb0.6Y0.4)2O3 ceramics was 1 T. A polarization plane of laser light was rotated by the Faraday
effect due to the magnetic field. The transmitted laser output was measured using a power meter.

3. Results

3.1. Synthesis and Characterization of the Novel Ceramic Faraday Rotator Material

A ceramic fabrication process was applied to produce sintered bodies with a (Tb0.6Y0.4)2O3

composition. Tb4O7 (Shin-Etsu, RU, 99.99%) and Y2O3 (Shin-Etsu, RU, 99.999%) powders were used
as starting materials; they were mixed in ethanol solvent for 10 h, then the dried premixed powders
were pressed in a CIP (Cold Isostatic Press) machine at 196 MPa. The color of the obtained powder
compacts was dark brown. Then, the powder compacts were sintered (1) under hydrogen atmosphere
and (2) under vacuum (1 × 10−3 Pa) at 1600 ◦C for 2 h, separately. In both processes, almost all
samples were crushed into pieces after sintering in hydrogen, and many cracks occurred after sintering
in vacuum.

From the TG-DTA (Thermogravimetry Differential Thermal Analysis, Thermo plus EVO TG8120,
RIGAKU, Akishima, Japan) analysis result, we concluded that the following oxygen dissociation
reaction occurred during the heating of Tb4O7 due to the release of oxygen inside the material when
the samples cracked or were crushed into pieces.

7Tb4O7 ⇔ 4Tb7O12 + 1/2O2 at 540 ◦C

2Tb7O12 ⇔ 7Tb2O3 + 3/2O2 at 940 ◦C

To avoid this cracking problem, first, Tb2O3 (yellowish white color) powders were prepared
by heat treating the dark brown Tb4O7 raw powders (Shin-Etsu, RU, 99.99%) under a hydrogen
atmosphere. The fabrication process for TYO ceramics derived from Tb2O3 is shown in Figure 1a.
Then, the Tb2O3 powder was mixed with Y2O3 (Shin-Etsu, RU, 99.999%) powder in ethanol solvent
for 10 h by a ball-milling process. The obtained slurry was dried and granulated using a spray-dryer.
The premixed Tb2O3-Y2O3 powders were made into tablets using a metal mold (Φ 8 mm) by uniaxial
pressing and a CIP (cold isostatic press) machine with a pressure of 196 MPa. The obtained powder
compacts are shown in Figure 1b. Depending on the content of Tb, these power compacts were
sintered under vacuum (1 × 10−3 Pa) conditions at 1500–1680 ◦C for 3 h. Then, the pre-sintered tablets
were treated in an HIP (hot isostatic press) machine with a temperature range from 1500 to 1700 ◦C
for 2 h under Ar gas pressure at 176 MPa. The sintering temperature and pressure were adapted
in accordance with the Tb content. After the HIP treatment, yellowish transparent ceramics were
achieved (see Figure 1c). The color of the transparent ceramic samples varied with the content of
Tb ions. The higher the Tb content was, the deeper the color of the sample. However, when pure
Tb2O3 was produced, it was colorless and transparent. If there were no sintering aids used, the grain
growth was accelerated during sintering, and the sintered sample showed poor translucency or cracks
occurred inside the samples, or it ended up cracking into pieces in the worst case (see Figure 1d).
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Figure 1. (a) Fabrication process for (TbxY1−x)2O3 ceramics derived from Tb2O3 and Y2O3 raw
powders; (b) powder compacts after the cold isostatic press (CIP) process; (c) transparent sintered
bodies with ZrO2 additives after hot isostatic press (HIP) treatment; (d) crushed sintered bodies without
ZrO2 additives after sintering.

The microstructures of the (Tb0.6Y0.4)2O3 and Tb2O3 ceramics after HIP treatment were observed
by TEM (transmission electron microscopy, ARM-200F, JOEL, Tokyo, Japan), and their images are
shown in Figure 2a. It was confirmed that both ceramics were composed of grains of size of the order
of several μm with different crystal orientations, and neither secondary phases nor grain boundary
phases were observed. The lattice structure was observed to be a Bixbyite structure towards the
grain boundary regions, and a clean grain boundary was confirmed. TEM-EDS (electron dispersive
spectroscopy) analysis results of inner grain and grain boundary revealed that there was no segregation
of ZrO2, which was added as a sintering additive. Figure 2b shows the transmission polarized optical
microscopic images of the (Tb0.6Y0.4)2O3 and Tb2O3 ceramics. There was no birefringence, and they
were optically homogeneous. No residual pores, the main factor in optical scattering, were detected
inside the materials. XRD (X-ray diffraction, X'PERT PRO MPD, Malvern Panalytical, Almelo, The
Netherlands) results revealed that the crystal system was only cubic phase and there were no other
phases. When these ceramics were heat treated above 1400 ◦C, an orthorhombic ⇔ cubic phase
transition occurred and the general optical quality was degraded. As seen in the above SEM and TEM
images, the microstructures of the developed TYO ceramics were of a high-quality finished form.

It was anticipated that the added ZrO2 would play an important role in inhibiting grain growth
during the sintering of TYO ceramics; hence, the sintered bodies were composed of fine grains.
Accordingly, (1) damage due to phase transition was effectively reduced by forming numerous grain
boundaries, or (2) ZrO2 itself possibly inhibited the phase transition. In the case of TYO ceramics
without the addition of ZrO2, the optical quality of the sample was very poor due to the significant
grain growth during the sintering process or the sample having broken into pieces.
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(a) (b) 

Figure 2. (a) The microstructure of (Tb0.6Y0.4)2O3 and Tb2O3 ceramics after HIP treatment as observed
by TEM. (b) Transmission polarized optical microscopic images of the produced (Tb0.6Y0.4)2O3 and
Tb2O3 ceramics.

3.2. Optical Properties of the Advanced Materials

The in-line transmittance curves of the (Tb0.6Y0.4)2O3 (Tb 60%) and Tb2O3 (Tb 100%) ceramics
from the visible to near-infrared wavelength regions are shown in Figure 3. The thickness of each
sample was 5 mm, and the surfaces were optical polished but without AR (anti-reflective) coating.
Only absorption due to Tb3+ ions can be confirmed around 480 nm, and the absorption of Tb 100% was
stronger than that of Tb 60%. Wavelength dependency of the transmission lines was not detected for
both ceramics, suggesting no Rayleigh scattering inside the materials. The refractive indices of Tb60%
and Tb 100% materials at a 1μm wavelength are 1.920 and 1.940, respectively. The surface reflection
loss (Fresnel loss) at a surface against air can be calculated by the following equation:

β(λ) = [(n(λ) − 1)2]/[(n(λ) + 1)2], (1)

where β(λ) is a reflection loss and n is a refractive index. Accounting for both sides of a sample, this
Fresnel loss value is doubled to obtain theoretical transmittance. Their measured transmittance values,
especially at a 1 μm wavelength, were very close to the theoretical values calculated by subtracting
the Fresnel loss due to surface reflection. This result indicates that their optical losses are very low.
An external view, polarized image, Schlieren image, and wavefront image by interferometry of the
(Tb0.6Y0.4)2O3 and Tb2O3 ceramics are shown in Figure 4a. The thickness of each sample was 11 mm.
No optical inhomogeneity was observed in any inspection methods. The wavefront distortion was less
than λ/10, suggesting that the ceramics are well suited for use as optical materials.

A laser with an output power of 30 mW (1064 nm wavelength, beam spot size: 2 mm) and with
a TEM00 mode was used as a light source to evaluate the beam quality after passing through the
sample. For comparison, a commercially available TGG single crystal was also measured as a reference.
The original beam pattern and those after passing through the TGG single crystal and the produced
(Tb0.6Y0.4)2O3 and Tb2O3 ceramics are compared and summarized in Figure 4b. The original beam
pattern was in the Gaussian mode, and the beam patterns that passed through the TGG single crystal,
(Tb0.6Y0.4)2O3, and Tb2O3 ceramics were almost unchanged. This result suggested that the variation of
the refractive index inside the material is extremely small, which is in accordance with the measured
results shown in Figure 4a.
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Figure 3. In-line transmittance curves of the (Tb0.6Y0.4)2O3 and Tb2O3 ceramics (Sample thickness = 5 mm,
optical-polished surfaces).

Figure 4. (a) External view, polarized image, Schlieren image, and wavefront image by interferometry
of the (Tb0.6Y0.4)2O3 and Tb2O3 ceramics. (The thickness of each sample was 11 mm.) (b) Original
beam pattern and beam patterns after passing through the TGG single crystal and the produced
(Tb0.6Y0.4)2O3 and Tb2O3 ceramics.

When a laser with an output power of 50 W laser (1070 nm wavelength, CW (continuous wave)
single-mode ytterbium fiber laser manufactured by IPG photonics corp., Burbach, Germany) was
used as a light source, the beam shape after passing through the (Tb0.6Y0.4)2O3 sample was slightly
deformed due to the thermal lens effect (1/f = 0.40 m−1: change in beam waist of passed laser beam).
When the same measurement method was used, the value for TGG crystal was 1/f = 0.35 m−1, which
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is slightly better than that for the (Tb0.6Y0.4)2O3 ceramics. However, for Y2O3 ceramics, which have
similar optical loss, the value was 1/f = 0.34 m−1. As seen in Figure 1c, it is considered that a trace
amount of Tb4+ ions remained in the (Tb0.6Y0.4)2O3 ceramics, and optical absorption by these Tb4+

ions caused the thermal lens effect during laser irradiation. In addition, it was also confirmed that the
material was not damaged by a power handling test which is generally used for commercial isolators
developed for fiber lasers. In this test, a pulsed laser (pulse width 50 ps, peak power 0.3 MW, beam
spot Φ 0.7 mm, power density 78 MW/cm2) was irradiated at 2 MHz for 7000 h. In addition, when a
laser damage test using an Nd:YAG laser with a wavelength of 1064 nm, a pulse width of 4 ms, and a
laser focusing diameter of Φ 50 μm was performed, TYO ((Tb0.6Y0.4)2O3) and TGG single crystal were
damaged at an average power of 18 and 10 J/cm2, respectively. From this result, it was also confirmed
that the damage threshold of TYO ceramics is excellent, and the only technical issue is to reduce the
thermal lens effect faintly generated during laser irradiation.

The wavelength dependencies of the Verdet constant for the TGG single crystal and the
(Tb0.6Y0.4)2O3 and Tb2O3 ceramics measured at wavelengths 633, 800, 980, 1030, and 1064 nm are
shown in Figure 5a. At any wavelength, the Verdet constants of (Tb0.6Y0.4)2O3 and Tb2O3 ceramics were
about two times higher that of the TGG single crystal. In particular, in the case of the Tb2O3 ceramics,
the Faraday rotation angle was found to be about 3.8 times (as a maximum) higher than that of the
TGG single crystal. The relationship between the concentration of Tb ions (i.e., the occupancy of Tb3+

ions in the total number of cations) in TYO ceramics with a Bixbyite structure and the Verdet constant
for 1 μm wavelength is shown in Figure 5b. The Verdet constants of Faraday rotator materials with
other crystal structures are also plotted in the same figure as a reference. The Verdet constant simply
increased with increasing Tb ion concentration, and 154 rad·T−1·m−1 was achieved as the highest
value. As the Verdet constant increases, the required length of the Faraday rotator can be reduced.

In the case of non-magnetic materials, the required length of the Faraday elements such as TGG
single crystal and TYO ceramics to provide a 45◦ Faraday rotation angle depends on the strength
of applied magnetic field. In the case of TGG single crystal, a length of 20 mm is required to obtain
a 45◦ Faraday rotation angle when 1 T of magnetic field is applied. By using the ceramics with the
highest Verdet constant, the length can be shortened to 5.1 mm to obtain a 45◦ Faraday rotation angle
under 1 T of magnetic field, suggesting that the Faraday rotator device can be manufactured with
a very compact size, whereas a commercial TGG crystal requires a length of about 20 mm. As seen
in Figure 5b, TYO ceramics with a Bixbyite structure showed very high Verdet constants against Tb
concentration (i.e., Tb ion number/total cation number) compared to other Faraday rotator materials
such as TGG [13], TSAG [16], TAG [19], NTF (Na0.37Tb0.63F2.26) [14,15], KTF (KTb3F10) [20], and TTO
(Tb2Ti2O7) [21].

Figure 5. Cont.
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Figure 5. (a) Wavelength dependency of the Verdet constant for the TGG single crystal and the
(Tb0.6Y0.4)2O3 and Tb2O3 ceramics. (b) Relationship between the concentration of Tb ions in
(TbxY1−x)2O3 ceramics and Verdet constant for 1 μm wavelength.

The measured results for transmitted laser power against the rotation angle of the polarizer under
a 1 T magnetic field are shown in Figure 6. The Faraday rotation characteristics of the (Tb0.6Y0.4)2O3

ceramics with very high Verdet constant were analogous to those of the commercial TGG single crystal,
and their transmitted laser power values at a 45◦ rotation angle of the polarizer were comparable
to each other (insertion loss: 0.04 dB). Compared with the maximum extinction ratio (E.R.) of the
TGG single crystal (E.R.: 35 dB) where the rotation angle of polarizer was at −45◦, the extinction
ratio for the (Tb0.6Y0.4)2O3 ceramics was as high as 42 dB. These materials with a very high Verdet
constant can provide an equivalent Faraday rotation angle and a high extinction ratio even from a
half-length (8.0 mm) of the conventional TGG single crystal (length: 20 mm). In other words, an
advantage to replacing existing Faraday rotators with a high-Verdet-constant Faraday rotator is that
if the length is kept the same size as the conventional single crystal, the required magnetic field can
be reduced by more than half. In the case of Tb2O3 ceramics, principally it can be reduced to about
one-fourth to obtain the same Faraday rotation performance as (Tb0.6Y0.4)2O3 ceramics. The Tb2O3

ceramic (t = 5.1 mm), which had the highest Verdet constant, also showed similar behavior to TGG
crystal, its insertion loss (I.L.) was 0.19 dB at a 45◦ rotation angle of the polarizer, and its extinction
ratio was 47 dB at a −45◦ or 135◦ rotation angle of the polarizer.

Figure 6. Faraday rotation characteristics of the TYO ceramics in comparison with those of the
commercial TGG single crystal.
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4. Discussion

The magneto-optical performance represented by the Verdet constant of Faraday rotator materials
for the visible to 1.2 μm wavelength regions is not high enough since they do not include the magnetic
element Fe in the composition of the materials. Although TAG [22–24] or TGG [13] single crystal are
commonly used there, their Verdet constants are limited, and there is practically no other material
which possesses a higher Verdet constant. It is very difficult to grow TAG single crystals by the CZ
(Czochralski) method with acceptable aperture size because of their incongruent melting nature and
unstable TAG phase in the Tb2O3-Al2O3 system [23]. The FZ (floating zone) method has often been
used to grow TAG crystal, but its application is limited to research purposes only. Recently, it has been
reported for TGG and TAG polycrystalline ceramics [25–29], but these do not exceed the conventional
single-crystal Faraday rotator in terms of fundamental performance. The authors have demonstrated
high-quality (Tb1−xYx)3Al5O12 (TAG) ceramics showing superior optical properties than the TAG
single crystals prepared by the FZ method. It is the only example that has solved the problems relating
to TAG single crystals and the performance of the conventional TGG single crystal.

In order to achieve a 45 degree Faraday rotation angle using a conventional single crystal under
1 T magnetic field, the rotator material needs to be as long as 20 mm; hence, a larger magnet is needed
to supply a large enough magnetic field. Basically, the value of the Faraday rotation angle of the
Faraday rotator is defined by the value of the Verdet constant, and the Verdet constant is determined
dominantly by the occupancy of Tb ions which contributes to the magneto-optical effect, i.e., the Ga
ions in TGG do not contribute to the Faraday rotation. TAG and TGG both have a garnet structure;
hence, the occupancy of Tb3+ ions (Tb/(Tb+Al)) in the total number of cations is limited to 37.5%.
Accordingly, garnet materials are not sufficient to achieve large Faraday rotation from the viewpoint of
Tb3+ ion occupancy.

Based on the above viewpoint, Tb2O3 material may result in the highest occupancy of Tb3+ ions.
However, since the melting point of Tb2O3 in its phase diagram is about 2300 ◦C and it has a phase
transition from an orthorhombic ⇔ cubic crystal system near 1400 ◦C to an orthorhombic ⇔ hexagonal
crystal system near 2100 ◦C [17,18], it is theoretically impossible to grow Tb2O3 single crystals by
the conventional melt growth process. We confirmed that the polycrystalline TYO (including Tb2O3)
ceramics have appropriate properties as an efficient optical isolator and also that the fabrication
process is economically efficient. Hence, we filed a patent on the TYO ceramics in 2011 [30]. In 2015,
light-yellow-colored Tb2O3 single crystals grown by using a Li6Tb(B2O3)3 system were reported with
a low melting point flux around 1235–1160 ◦C, which is lower than the phase transition points [31].
However, the resulting crystal size was about 5 mm × 5 mm × 1 mm, which is too small for practical
applications. Furthermore, optical quality was discussed there only by means of transmission curves,
which are not enough to evaluate the opacity of thin film. The scattering loss of this material has been
roughly estimated to be as large as around 10%/pass which requires a rotator length of 5.1 mm from
the Verdet constant. In addition to this, it is not possible to control the crystal orientation, i.e., axis of
easy magnetization, during crystal growth. Snetkov et al. synthesized Tb3+:Y2O3 ceramics [32] but
the transparency of their material is extremely poor and it cannot be used for optical applications.
Although the basic characteristics of the TYO ceramics were reported in our previous paper [33], it is
important to demonstrate the total performance parameters which are required to determine it to be a
practical Faraday rotator material.

On the other hand, optical-grade YAG (Y3Al5O12) and Sesquioxide ceramics denoted by Re2O3

(Re: lanthanide rare-earths) have been reported recently. Basically, a small amount of laser active
elements is doped into the Re2O3 host materials (Re: Sc, Y, Lu) which do not have phase transition
points up to 2000 ◦C. Then they are sintered at high temperature (over 1700 ◦C) to produce transparent
ceramic materials. It has been confirmed that those materials are suited to laser gain media or
scintillators, etc. [34,35]. It has been found that the Tb-containing materials with composition TYO
can solve the technical difficulties of the conventional isolators. Here, it is necessary to increase the
content of Tb ions in the solid solution to as high as possible. However, a technical issue there is that
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the fabrication temperature needs to be decreased with increasing Tb ion content in the solid solution.
In particular, the ultimate material, Tb2O3, has very low phase transition temperature; hence, it is
necessary to fabricate even Tb2O3 polycrystalline ceramics at temperatures lower than 1400 ◦C. In this
report, we examined how we succeeded in densifying the materials to get high transparency, and
finally examined the possibility of applications to optical isolators.

The question arises as to why single crystals have only been used as Faraday rotators so far.
The reason for this is that optical scattering loss is small in single crystals and a uniform Faraday
rotation angle can be achieved when a magnetic field is applied to a unidirectionally oriented crystal
(<111> in general). It is well known that even a cubic crystal system has magneto-crystalline anisotropy.
For example, in the case of TSAG (Terbium-Scandium-Aluminum Garnet) crystal, the Verdet constant
of the <111> orientation, which has the smallest surface energy, is about 5–7% larger than that of the
<110> or <100> orientation. [36] It is anticipated that the Verdet constants of other crystal orientations
in a cubic system, which have higher surface energy, will be smaller than that of the <111> orientation.
Consequently, it is likely that the Verdet constant of polycrystalline ceramics composed of numerous
microcrystallites with randomized crystal orientations might be different from one grain to another, and
the Faraday rotation behavior of polycrystalline ceramics might be different from that of single-crystal
Faraday rotator materials. Here, the Faraday rotation angle is expressed as the equation below [37,38]:

θF = VHL, (2)

where θF is the Faraday rotation angle, V is the Verdet constant, H is the applied magnetic field, and L
is the length of the Faraday rotator material.

In the case of ceramic materials, each grain has a randomized crystal orientation, and when a
magnetic field is applied, the Faraday rotation angle will be slightly different in each grain of the
ceramics; however, this difference did not cause any disadvantages upon utilization. When they
were compared to the TGG single crystalline materials, it was confirmed that the TYO ceramics have
equivalent values of the Faraday rotation angle and higher extinction ratios. In addition, this study
has revealed the discovery of a novel Faraday rotator material which possesses a Verdet constant
approximately 4 times higher than that of the commercial TGG single crystal.

5. Conclusions

Since the Faraday effect was discovered in 1845, a wide variety of Faraday rotator materials, such
as glass or single crystal, have been developed and have progressed into the practical phase with
developments in the field of telecommunication and machining. Only single-crystal materials have
been put into practical use until now, but this does not necessarily mean that Faraday rotator materials
are only limited to single crystals. As this work demonstrated, it is also possible to create new materials
with excellent performance by other inorganic material processes such as ceramic fabrication processes.
We successfully produced optical-grade TYO ceramics in this work, and their total performance as a
Faraday rotator is summarized below.

(1) Optical-grade polycrystalline TYO ceramics with extremely low scattering were successfully
produced for the first time.

(2) The Verdet constants of the TYO ceramics increased with increasing Tb concentration in the
Bixbyite structure, and Tb2O3 showed the highest value: 3.8 times higher than that of the
commercially available TGG single crystal.

(3) The Faraday rotation characteristics of the polycrystalline TYO ceramics were basically
comparable to those of single-crystal isolator materials. In addition, one of the advantages
was the possession of a large extinction ratio and a large Verdet constant, which can improve the
performance of the isolator and downsize the device.
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(4) The laser damage threshold of the TYO ceramics was as high as 18 J/cm2 and they were resistant
to pulsed laser damage (power density 78 MW/cm2 and no damage during a 7000-hour durability
test at 2 MHz).

(5) The thermal lens value, 1/f = 0.40 m−1, of the TYO ceramics was slightly larger than that of TGG,
probably due to a remaining trace amount of Tb4+ ions in the material. One of the remaining
issues is to be able to use it for high-power and continuous-wave laser applications.
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(a) Prototype of optical isolator using TYO (Tb-60%) ceramic in comparison with commercial TGG optical isolator.
(b) Schematic diagram of optical isolator. (c) Magnetic flux distribution inside the magnet house of optical isolator
and the position of Faraday rotator sample influenced by the magnetic field. (d) Comparison of features of each
Faraday rotator material; Figure S4: Appearance of large scaled TYO ceramic samples with various aperture sizes.
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Abstract: Photochromic materials are attractive for the development of holograms for different
reasons: they show a modulation of the complex refractive index, meaning they are suitable for
both amplitude and phase holograms; they are self-developing materials, which do not require any
chemical process after the light exposure to obtain the final hologram; the holograms are rewritable,
making the system a convenient reconfigurable platform for these types of diffractive elements. In
this paper, we will show the features of photochromic materials, in particular diarylethenes in terms
of the modulation of a transparency and refractive index, which are mandatory for their use in
holography. Moreover, we report on the strategies used to write binary and grayscale holograms and
their achieved results. The outcomes are general, and they can be further applied to other classes
of photochromic materials in order to optimize the system for achieving high efficiency and high
fidelity holograms.

Keywords: holography; photochromism; diarylethenes; refractive index; CGH

1. Introduction

The possibility of storing a 3D scene in a substrate has been a dream for a long time. Thanks to
Gabor and his invention of holography in 1948 [1] and laser development in the following decades [2],
such a dream has come true. Since then, holography has found many potential technological uses,
while important developments for both theory and application have been achieved [3].

When considering the hologram manufacturing, issues related to photosensitive material are
crucial. Indeed, an ideal material for hologram manufacturing should show [4]: a high spatial
resolution, a large dynamic range, a good signal to noise ratio, high optical quality, and large sensitivity
in a wide spectral range. Another attractive property that holographic materials may show is the
ability to self-develop, namely, no chemical process is required after the pattern transfer to obtain the
final usable hologram. Clearly, the choice of the photosensitive material depends on different factors,
in particular, if the hologram is a phase or amplitude, and the technique used to transfer the pattern.
In addition, strategies to obtain holograms that are reconfigurable and switchable are highly desired.

There are different approaches to achieve these kinds of diffractive devices and photochromic
dyes surely are an interesting option. Nice features of such materials include their rewritability, which
is intrinsic in the reversible transformation. Moreover, they can be used for making both amplitude
and phase holograms [5]. Among the different classes of photochromic materials, T-type materials are
interesting in the case of real-time holography because of their efficient thermal decoloration process [6];
whereas the P-type (thermally stable) holograms are much more interesting where re-addressable
holograms are required. Diarylethenes are surely the most studied holograms for holographic optical
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memories, 3D displays, and holographic gratings [7–12] belonging to the P-type class, thanks to
their well-known good overall photochromic properties [13] and the possibility of obtaining highly
responsive films. In addition, the use of diarylethenes in combination with nanoparticles (in particular
gold ones) could be of great interest in this field, since the optical properties and their switching can be
tuned by acting both on the nanoparticles side (mainly size and dispersion, which affect the plasma
frequency) and the photochromic unit side [14–19]. The performances of diarylethene based holograms
are strongly related to the optimization of the photochromic substrate and to the writing procedure.

Other strategies and materials are possible to use to obtain reconfigurable holograms:
photorefractive materials and photosensitive liquid crystals are two interesting families. As for
photorefractive materials, they show a refractive index modulation as the result of the photoconductive
and the Pockels effects [20], which makes them suitable for phase holographic elements [21]. Fast
reconfigurable holograms [22,23], 3D holographic displays [24,25], and holographic memories [26] can
be obtained thanks to the rapid growth of refractive index modulation, a very peculiar characteristic
of such systems. On the other hand, the hologram is not usually persistent, so this approach is not
suitable for long lasting devices. Regarding holographic liquid crystals (LCs), there are different
possibilities since the LCs can change their properties (orientation, phase separation, and refractive
index modulation) through both optical stimuli and electric stimuli. Consequently, rewritable systems,
ON-OFF grating, and polarized sensitive gratings are possible. In the case of light sensitive LCs,
azobenzene photochromic moieties are often used [27,28] and rewritable holograms can be obtained by
achieving major modulation of the refractive index. Similar systems were also considered for making
holographic memories [29]. By using polymer-dispersed liquid crystal combined with holography
(H-PDLC), it is possible to obtain switchable phase gratings and other optical elements thanks to
the phase separation that induces the refractive index modulation and the application of the electric
field [30,31].

In this paper, we report on the main features of photochromic diarylethenes in terms of relevant
properties for phase and amplitude holograms. A hybrid computation tool is shown to help the
optimization of the films, mainly focusing on the chemical structure of the diaryelethene; the different
strategies for writing photochromic holograms are also discussed. Examples are reported in order
to support the discussion. The results here reported can be easily generalized to other classes of
photochromic materials and could inspire the development of new/optimized photochromic systems
for high efficiency and high fidelity holographic optical elements.

2. Computer-Generated Holograms

Holograms digitally calculated are called Computer-Generated Holograms (CGHs). The ideal
wavefront to be reconstructed is computed on the basis of the diffraction theory, starting from the wave
field distribution of the object beam [32,33]. Such an approach is of great interest since it allows for
recording holograms of virtually any object or scene without the existence of the physical object. They
can also use optical elements and filters to manipulate light phase and intensity. In the same manner as
traditional holograms, CGHs are classified as either phase or amplitude.

In the scalar diffraction approach, if we neglect the reconstruction noise, depending on the
hologram type and discretization levels, both types of hologram are able to reconstruct the desired
object with the main difference being in the diffraction efficiency [32], as will be discussed later on
(see Section 2.2). When diffraction efficiency is not an issue, amplitude holograms may be preferred
for their easier manufacture. CGHs, thanks to their ability to generate custom wavefronts, are
finding applications in beam shaping, particles manipulation, interferometric optical testing, and
anti-counterfeiting [34–36].

Concerning interferometry, great efforts have been done in the recent years to improve CGH
capabilities beyond their first development by Wyant almost 50 years ago [37]. Nowadays, they
are used as optical surface references, to cope with the production of complex and non-standard
optical surfaces (aspherical and free form), which are made possible by new optical fabrication
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technologies [38]. They are applied to test different optics, even large aspherical mirrors for the new
generation telescopes [39,40].

Two main type of holograms can be recorded in the holographic material [41]: the Fourier
hologram, which exploits the inverse Fourier transformation of the image, and the Fresnel hologram,
which encodes the interference pattern of the wave propagated to the object.

2.1. Fourier and Fresnel CGHs

A collimated beam passing through a lens undergoes a Fourier transformation. Thus, starting
from the image to be reconstructed, it is possible to calculate the complex wavefront to be encoded in
the CGH using Equation (1). Moreover, the inverse transformation, can be used to reconstruct the
image from the CGH pattern [42]. Here, we report the mathematical operator of the direct F and
inverse F −1 Fourier Transformations:

g(μ, ν) = F [ f ](μ, ν) =
�

R2
f (x, y) e−2πi(xμ+yν)dxdy (1)

f (x, y) = F −1[g](x, y) =
�

R2
g(μ, ν) e2πi(xμ+yν)dμdν (2)

where x, y and μ, ν are the coordinates of the image plane and Fourier space, respectively.
Fresnel holograms are directly calculated by propagating the wavefront to be reconstructed and

exploiting the light propagation equations that are modeled by the Rayleigh-Sommerfeld diffraction
theory [43]. If we consider to have the hologram plane in z = 0 and the object plane at z, we can write:

Ez(x, y) =
�

E0(u, v)
eikr

r
dudv (3)

The resulting complex wave Ez is estimated by calculating the sum of the contributions of each
pixel of the hologram anywhere on the screen located at a distance z. Each pixel is considered as
a secondary spherical wave source weighted by the function E0(u, ν). These secondary waves are
generated when the incident wave, characterized by its complex amplitude E0 and wavelength λ,
reaches the hologram. The same strategy can be applied to calculate E0 by inverting Equation (3) and
positioning the object plane at −z, in order to keep the same direction of propagation.

E0(u, ν) =
�

E−z(x, y)
eikr

r
dxdy (4)

The function E0(u, v) is the complex amplitude of the hologram, which must be approximated before
the encoding.

2.2. Diffraction Efficiency

Once the complex electric field function at the hologram plane has been calculated, the next step
is the encoding into the CGH. However, to transfer all the complex information, a material able to
modulate both amplitude and phase of a wavefront is needed. Despite some successful attempts,
multi-step processes and complex procedures are ultimately required for this approach [44]. The
traditional approach is to code the complex wavefront in the form of a phase only or amplitude only
map. The main difference between the two coding strategies is the hologram diffraction efficiency.

In order to give an estimation of the hologram efficiency, we make use of a model reported by Brown
in 1969 [32], which considers monodimensional gratings with a periodical structure that is either binary
or grayscaled. The wavelength of the incident light is assumed to be much smaller than the grating
period, so the scalar diffraction approximation can be applied. Figure 1 reports the theoretical efficiency of
gray-scaled (a) and binary (b) amplitude holograms, and gray-scaled (c), binary (d) and blazed (e) phase
holograms. The efficiency is related to the amplitude of the modulation A, which varies between 0 and 1
in the case of amplitude holograms and between 0 and 2π in the case of phase holograms.
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Figure 1. Modulation profiles for grayscaled (a), binary (b) amplitude holograms, grayscaled (c),
binary (d) and blazed (e) phase holograms. Dependence of the first order diffraction efficiency on the
modulation parameter A (right).

The efficiency of (a) and (b) reaches, in the best conditions, 6.2% and 10.1%, respectively, while
for phase hologram (c) and (d) the efficiency is 34% and 41% respectively. In the case of the blazed
hologram, it can even reach the 100% efficiency.

In the case of photochromic materials, both amplitude and phase holograms are possible, according
to the working region of the hologram. For amplitude holograms, the parameter A is directly linked to
the contrast between transparent and opaque regions, i.e., to the transmission of the photochromic film
in the transparent and colored forms. The contrast, which is a wavelength dependent quantity, in a
region where only one of the two forms is fully transparent, is given by the dye concentration C, the
molar absorbance ε of the colored form, and the thickness of the film d as follows:

Contrast =
Ttransparent

Tcoloured
=

1
10−Abs

= 10εCd (5)

Figure 2 reports the first order diffraction efficiency of a binary hologram as function of the film
contrast [45].

Figure 2. First order diffraction efficiency of a binary amplitude grating as function of the contrast value [45].

The contrast is asymptotic to the maximum efficiency of 10.1% for values larger than 5000, but values
around 8% are good enough for many applications and in particular for interferometric purposes. These
efficiencies are reached when the contrast is larger than 100, value that is obtained for optical density of the
film in the colored form larger than two (considering again an absorbance zero for the uncolored form).

Concerning phase holograms, the key parameter to deal with is the product between the refractive
index modulation and the film thickness d·Δn. For example, if we take the efficiency of volume phase
gratings working in the Bragg regime, we can write the first order diffraction efficiency at the Bragg angle
(αB) as [46]:

η =
1
2

sin2
(
πΔnd

2λcosαb

)
+

1
2

sin2
(
πΔnd

2λcosαb
cos(2αB)

)
(6)
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where λ is the wavelength of the incident light. We studied the efficiency dependence by Δn,
considering λ = 650 nm, 750 nm, 850 nm and αB = 19◦. In Figure 3, we report the results for a Δn in
the range 0–0.08.

Figure 3. Theoretical efficiency of phase gratings as function of the refractive index modulation for
films with a thickness of 2, 4, 6 and 8 μm. The results are shown for three different wavelength 650,
750 and 850 nm; the grating line density is 1000, 870, 770 lines/mm, respectively.

Considering that diarylethene based photochromic films can reach Δn of 1–4%, we are able to write
phase binary gratings with good efficiency, depending on the film thickness. However, the maximum
useful thickness of the photochromic materials is limited by the UV penetration (more details are
provided later on), which determine the degree of conversion through the film thickness. Therefore,
we can conclude that there is a sort of upper limit in the d·Δn value for the photochromic films.

3. Diarylethenes: Properties Modulation

Diarylethenes show a light-induced transformation between two forms a and b as reported in
Figure 4 in the case of the perfluorocycplopentene derivatives. The a form, called open form, is usually
uncolored since the π-conjugation is interrupted between the two side parts of the molecule. Upon
illumination with UV light, a 4n + 2 electrocyclization occurs, and the b form, called close form, is
obtained. This state is characterized by a π-conjugation extended along the whole molecular backbone,
with a consequent coloration of the materials.

(a)         (b) 

Figure 4. Photoreaction in 1,2-diarylethenes considered in this work. (a) open form (uncolored);
(b) close form (colored). The detailed structures are reported in Figure 5.

Actually, hundreds of diarylethenes have been synthesized so far, and comprehensive reviews
report on the main characteristics and possible applications of this important family of photochromic
compounds [47,48]. In this review, we limit the discussion to a series of diarylethenes, and we discuss
the modulation of absorption properties in the UV-Vis as a function of the chemical structure specifically
to later highlight the conversion in the film state, which is of fundamental relevancy to reaching an
adequate contrast in amplitude holograms. Moreover, for possible application as phase holograms,
features for maximizing the refractive index modulation are reported.

149



Materials 2019, 12, 2810

3.1. UV-vis Absorption

In a liquid solution, the photochromic process approximately occurs uniformly in the whole
volume, and the conversion at the photosteady state depends on the absorption coefficients (εA, εB)
of the two isomeric forms at the irradiation wavelength and on the quantum yield of forward and
backward reactions (φAB,φBA). All these quantities depend on the molecular building blocks, both
those ones involved in the 4n + 2 electrocyclization (i.e., the photoactive part of the molecule) and the
lateral substituents. Many diarylethene derivatives have been synthesized so far, and the effect on the
specific chemical structure on the absorption properties for a selection of compounds (see Figure 5) is
highlighted in Table 1.

Figure 5. Series of 1,2-diarylethenes in their open state (uncolored). They differ for the aromatic ring
in the switching structure (thienyl from 1 to 19 or thiazolyl from 20 to 24) and for the lateral groups.
Electroactive substituents can be also present to give push-push structures (compounds from 4 to 9),
pull-pull structure (compounds 3, 10 and 11) or push-pull structures (compounds from 12 to 14) in
their closed (colored) state.
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Table 1. Absorption maxima (λ) and molar extinction coefficient (ε) of diaryletenes shown in Figure 5
in their two isomeric forms (uncolored and colored). Absorption spectra measured in hexane solution
(* in EtOH).

Compound
Uncolored Form Colored Form

λUV (nm) εUV (M−1 cm−1) λVIS (nm) εVIS (M−1 cm−1)

1 278 34,660 575 14,990
2 * 288 38,720 584 16,400
3 328 40,450 608 14,450
4 293 43,610 582 20,050
5 297 41,660 583 21,110
6 294 36,580 582 16,940
7 296 35,980 592 18,010
8 320 49,960 607 24,300
9 353 51,040 613 28,100
10 315 27,670 598 9790
11 315 33,060 591 11,425
12 330 44,230 642 25,860
13 305 37,970 597 18,070
14 305 35,390 602 16,620
15 251 21,410 546 10,910
16 282 30,780 587 15,420
17 310 28,190 592 16,750
18 318 32,480 598 21,490

19 * 320 32,420 608 19,090
20 301 30,640 519 10,810
21 316 23,700 534 11,800
22 329 37,310 549 19,400

23 * 304 35,050 530 12,690
24 * 330 31,520 553 15,820

Despite the fact that the values reported in Table 1 seem to be highly scattered, correlations between
the different parameters can be found for the different groups of diaryethenes herein synthesized
and analyzed. The comparison between the molar extinction coefficients of the uncolored and the
colored forms of any diarylethene (εUV , εVIS, respectively) shows that the maximum absorbance of the
visible band of the colored isomer is roughly half of the absorbance in the UV (Figure 6a). Moreover,
diarylethenes with lateral substituents characterized by the presence of a phenyl group, either alone or
linked with a withdrawing functional group, have a lower intensity of the visible band (green series).
Indeed, all of these molecules have a less-conjugated structure in their colored forms. Conversely,
molecules belonging to the blue series have a more intense visible absorption, which can arise from all
the possible different chemical structures allowing for an extended π-conjugation in the closed form,
e.g., the use of thiophene-thiophene as lateral substituent (compounds from 17 to 19) and the push-pull
substituents (compounds from 12 to 14). In addition, the triphenylamine as substituent is known to
give an effective π-conjugation (herein compound 9).
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Figure 6. (a) Plot of the molar extinction at the maximum absorbance in the visible of the colored
isomer εvis and in the UV of the transparent isomer εUV , for the diarylethenes of 5; (b) Plot of the
wavelength of the visible peak for the colored isomer and for the UV peak of the transparent isomer;
(c) Plot of the position and the molar extinction coefficient of the band in the visible for the colored
isomers. Molecules were characterized in hexane except for * which were dissolved in ethanol.

The analogous analysis, but considering the absorption maxima instead of the absorption
coefficient, leads to the general conclusion that a redshift of the visible band of the colored form
corresponds to a redshift of the UV band of the uncolored form (Figure 6b). The two series of data
in the figure correspond to the dithienylethenes (orange data) and the dithiazolylethenes (blue data).
For both series, the wavelength gap between the absorption maxima of the colored and uncolored
forms is approximately the same inside the members of the same series. In particular, the gap is about
220 nm for the thiazole based series and 290 nm for the thienyl based one. Actually, the presence of
electroactive substituents can modify this wavelength gap, i.e., push-pull substituted dithienylethenes
(compounds from 12 to 14) are characterized by a larger λVIS-λUV, with the largest difference value for
the compound 12, having both very strong donor and acceptor groups.

Finally, the relationship between εvis and λVIS is highlighted (Figure 6c), since the behavior of the
photochromic molecules in the visible (i.e., the contrast) is relevant for the development of amplitude
holograms. The overall evidence is that the longer the wavelength of the peak, the higher its absorption
intensity [49], which is a common trend in conjugated molecules [50]. However, the presence of
withdrawing groups (e.g., compounds 9 and 10) decreases the absorption coefficient, whereas donor
groups lead to higher absorbance (compounds 4–9).

At the solid state, including dyes in the crystalline or amorphous state and polymer dispersed
dyes, the situation is more complex since the light-induced process proceeds from the outer layer to
the inner layer. Actually, the full transformation from the colored to the uncolored forms is always
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possible, since only the colored isomer absorbs in the visible. Instead, the coloration process is not
straightforward as both the isomeric states of diarylethenes absorb UV light. Therefore, the radiation is
attenuated through the volume while the coloration proceeds and a limit depth of UV penetration
exists, beyond which the photochromic reaction cannot further occur. In addition, the degree of
conversion through the thickness follows a gradient depending on the illumination time [45]. In this
condition, the measurement of molecular absorption properties (ε, ϕ) is tricky. Nevertheless, it is still
possible, by considering the local degree of conversion of the molecules inside the film or by using
very thin films where the conversion can be considered uniform.

Supposing that the transparent form absorbs more than the colored one in the UV range
of illumination, the UV penetration at the end of the conversion is determined by εUV

C , namely,
the extinction coefficient of the colored form in the UV. In Figure 7, the case of a 10 μm thick film with a
concentration of 400 mol/m3 of molecule 6 is reported, showing the measured absorption spectra of the
two forms and the calculated penetration depth as a function of the molar extinction coefficients.

Open isomer of molecule 8

Closed isomer of molecule 8

a)

c)

250nm> λ >350nm

௖௎௏ߝ

250nm> λ >350nm

b)

ܸܷܱߝ ⁄ܸܥܷߝ
Figure 7. (a) UV-vis absorption spectra of the two isomers of molecule 6; (b) time necessary to reach
the photostationary state as function of the ratio εUV

O /εUV
C ; (c) penetration depth as function of the

irradiation wavelength. With the green circles the values of the molar extinction coefficients at the
wavelength corresponding to the highest penetration are highlighted. Each point of figure (b) and
(c) corresponds to a different simulation with a λ of irradiation changing between 250 nm and 350 nm.

The lower the absorption of the UV light by the colored form, the higher the penetration (Figure 7c).
Fixed the quantum yield of the transformations (φUV

CO , φUV
OC ), the time required to reach a stationary

153



Materials 2019, 12, 2810

situation decreases while increasing the ratio εUV
O /εUV

C . It has been also demonstrated that this ratio
affects the fatigue resistance of the diarylethenes [51].

All these considerations point out that the actual coloration of a photochromic material at the solid
state depends not only on the intrinsic capability of absorbing visible light by the colored form, but also on
its absorption at the illumination wavelength. This means that to reach large contrasts, large εvis

C cannot
be the only selection criteria of a photochromic dye. If the absorption at the illumination wavelength
(εUV

C ) is high and comparable to the εvis
C (highlighted in Figure 8a for compound 13), the penetration depth

will be low, and the contrast will be similarly visible (C = 160). Instead, if the absorption is much lower, a
consistent raise of the contrast value results (C = 3000 for compound 7, Figure 8b).

C(600nm) = 160

஼௎௏ߝ஼௏ூௌߝ = 2.0
C(600nm) = 3000

C(600 ) 160

஼௎௏ߝ஼௏ூௌߝ = 1.05
a

b

Figure 8. Comparison between two diarylethenes showing a different εvis
C /εUV

C ratio: (a) Molecule
13; (b) molecule 7. On the left the molecules used in the simulations, together with their absorption
properties are reported (the green circles highlight εUV

C and εvis
C ); on the right, the value of the ratio

εvis
C /εUV

C and the contrast C computed at 600 nm are reported for a 10 μm film with a concentration of
300 mol/m3.

3.2. Computational Tool

Once we had determined the relevant parameters that characterize the general photochromic
behavior at the solid state, we made use of a kinetic model which describes both the coloration and the
fading of a diarylethene film under specific illumination conditions [52], and we combined here all
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these pieces of information in a computational tool, which predicts its performance a priori. This allows
for a proper selection of the photochromic material, which is necessary to satisfy the target properties
of the optical elements (both phase and amplitude holograms), without a number of optimization
experiments that would have been otherwise necessary, saving time and material.

In order to efficiently exploit the kinetic model, a Graphical User Interface (GUI) using Matlab®

R2016b (The MathWorks, Natick, MA, USA) was built, facilitating the selection of the simulation
parameters and displaying the desired results with a fast and practical routine. GUI is user-friendly,
hence it can be used without any specific computational ability.

Two different versions of the tool were developed, enabling to simulate a photochromic film based
on either one or two molecules, mixed together. In the following, the two molecules case is detailed,
being the most complex one.

The program is organized in three different sections: (i) selection of the molecules, (ii) parameters
choice and (iii) results visualization (Figure 9).

 

Figure 9. Screenshot of the GUI developed to simulate the absorption properties of photochromic films.
The colored boxes indicate three different sections: selection of the molecules (red), parameters choice
(green) and results visualization (blue).

3.2.1. Selection of the Molecules

The absorption properties in solution or solid state of the transparent and colored isomers
(e.g., molar extinction coefficient as function of the wavelength) of a series of dyes are previously
uploaded in a database. In this window, the UV-vis absorption spectra of one or two dyes picked up
from this database are shown, allowing for an easy and rapid comparison (Figure 9 red box).

The key features usually considered are: (i) the wavelengths at which the photochromic
transformation can be triggered; (ii) the correspondent absorbance values and the position and
width of the absorbance band in the visible. Considered together, they give hints about the efficiency
of the transformation and the possible final behavior of the materials.

3.2.2. Parameters Choice

In this window, the illumination conditions, including the wavelength and the illumination
intensity, and the film thickness are set (Figure 9 green box). Setting the first parameters, the
discretization of time and space is defined. In this section, we also set the wavelength range where the
results will be computed.
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On the material regard, the concentration of the selected molecule and its photochromic properties
are selected, specifically the quantum yield of conversion at the illumination wavelength for the direct
(φOC) and inverse (φCO) transformation, and the density of the material (usually considered equal to
the density of the chosen polymer matrix). In the case of two dyes, the concentration of molecule 1 and
molecule 2 is set.

3.2.3. Visualization of the Results

Once we had selected the molecules and the simulation parameters, the computation could start.
The program is divided into two steps, enabling us to simulate a double illumination process, with one
process for each side of the film. At each stage, the concentration profile of the transparent isomer
is plotted, as function of time and space, and the limit of the UV penetration is computed. By the
analysis of these plots, it is possible to understand if either the molecular concentrations or the film
thickness is too large to have a complete conversion inside the sample volume. In Figure 10, we
show examples where the total conversion inside the film volume is reached or not, depending on the
material thickness. The plots show the transparent isomer concentration in dependence of time and
thickness, after one (a1, b1) and two (a2, b2) sides were illuminated.

Figure 10. Concentration profile of the transparent isomer after the simulated irradiation of one (a1,b1)
and two sides (a2,b2). The plots show the time evolution of the profile and the penetration inside the
volume. In this example, we show a film of 4 μm, where it is impossible to convert all the material (a2),
but lowering the value to 2.5 μm means the total conversion is reached after the two side illumination
(b2). Photostationary state after 2000 s.

In the case reported in Figure 10a1, we notice that a large amount of the film is not converted
by a single side illumination. Also with a double side illumination (Figure 10a2), the inner part of
the film remains unconverted. In the case b, a single side exposure is not enough to achieve the total
conversion, but a double illumination (Figure 10b2) induces a complete coloration.

In Figure 11, we report an example of how the absorbance properties of two different dyes can be
combined to reach higher contrast performances.
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In this case, two molecules with a visible absorbance around 550 nm and 650 nm are combined to cover
a wide wavelength range. In panel b), we report the absorbance and relative contrast of the film, after one
and two sides exposure considering a thickness of 4 μm and a concentration of about 16 wt % for both dyes.

We notice that the absorbance almost double going from one side to the both sides illumination,
meaning that the penetration depth is roughly half of the film thickness. As for the contrast (plots on
the right), the increase is very large by the double exposition, reaching values larger than 1000 in a
range wider than 100 nm. We also notice that in the 400 nm region, the contrast is quite good (>100)
thanks to the presence of the secondary peak in mol1 (Figure 11a) and only a small spectral region
around 450 nm has a low absorbance.

3.3. Remarks on the Absorption Properties

According to the discussions we reported, it is clear how useful such tool can be in designing
high performance photochromic films and how many pieces of information can be retrieved from the
simulations. Given a desired contrast in a certain wavelength range for a specific application, this
tool supports the choice of the right set of molecules to be used. Once they have been selected, the
illumination wavelength has to be carefully chosen: εUV

c should be low, to have a deep penetration
through the film, thus achieving a full conversion; moreover, the εUV

O /εUV
C and εvis

C /εUV
C ratios should

be high in order to have a fast kinetic and high contrast.

Figure 11. (a) Molar extinction coefficient of two diarylethenes (molecule 12 and 24) used for the
simulation; (b) Screenshot of the results computed: the figure shows absorbance and contrast of the
film after one and two exposures (performed on two sides) in the spectral range of interest.
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In the case of a mix of two dyes, the choice must be particularly careful. Both molecules have to
be efficiently converted at the same time with the same illumination wavelength, meaning that they
should have similar absorbing profiles in the UV region. Otherwise, one dye could behave as a barrier
for the conversion of the other one, resulting in lower and unexpected absorption performances.

Finally, information on the concentration of the dye and the film thickness are provided to fulfill
the requirement of contrast. With the proper selection of the diarylethene and films of few microns of a
polymer matrix containing 20–25% of chromophore or backbone photochromic polymers, it is possible
to reach a suitable contrast for the application herein reported.

3.4. Refractive Index Modulation

In the case of volume phase devices, we showed that a modulation of the refractive index is
necessary in order to induce a controlled phase delay, which is equal to the product refractive index
n times the film thickness d. Considering a target product d·Δn of about 0.4–1 μm, values of Δn =
0.04–0.1 are required for film thicknesses in the range of 1–10 μm.

In order to understand this requirement from a materials point of view, we start from the
Lorentz-Lorenz equation. This equation [53] links the macroscopic refractive index with the material
density and the molecular polarizability α (since we are in the optical spectral region only electronic
polarizability is considered):

N =
n2 − 1
n2 + 2

=
4π
3

NA
V
α (7)

where n is the material refractive index, NA the Avogadro number, V is the molar volume. This is valid
for a monocomponent material, but photochromic films are multicomponent and the refractive index
contains a contribution of both the matrix and the photochromic dye. Considering no interaction between
these two components, we can write an effective refractive index as the sum of their contributions:

n2 − 1
n2 + 2

= Cmatrix
n2

matrix − 1

n2
matrix + 2

+ Cdye

n2
dye − 1

n2
dye + 2

= CmatrixNmatrix + CdyeNdye (8)

Cmatrix + Cdye = 1 (9)

where ndye, nmatrix are the refractive indices of a material composed by the pure dye and the polymer
matrix respectively and Cmatrix, Cdye are the relative volume concentrations. Accordingly, the refractive
index of the colored (or uncolored) material is then:

nc(o) =

√√√√√√√√√2Cdye

(
Nc(o)

dye −Nmatrix

)
+ 2Nmatrix + 1

1−Nmatrix −Cdye

(
Nc(o)

dye −Nmatrix

) (10)

We noticed that the refractive index of the film depends on the contrast between the value of the
matrix and of the photochromic dye. Usually, the matrix shows a refractive index lower than the value
of the photochromic dye. Even more important for determining the refractive index of the doped film
is the concentration of the photochromic species. It must be as large as possible, but avoiding any side
effects such as segregation or aggregation. Actually, we are interested in the change in the refractive
index going from one photochromic form to the other. Looking again to the Equation (7), we notice
that a large change in the molecular polarizability α between the two forms is necessary, in addition to
the previous requirements, to enhance the modulation in the refractive index. The polarizability is
proportional to the number of electrons in the molecule, but it is known that π conjugated systems
exhibit higher polarizability, and the enhancement is proportional to the degree of delocalization [54].
Considering diarylethenes, it is apparent that the closed (colored) form is more conjugated than the
open (uncolored) form; therefore, it shows a larger refractive index. The presence of electroactive

158



Materials 2019, 12, 2810

substituents can play a role in increasing the modulation of the refractive index [55]. Moreover, the
molecular polarizability is wavelength dependent as the refractive index. In the optical regime, it
increases with the frequency in a marked way approaching the resonance frequencies due to the
electronic transitions [56]. Since the colored form shows visible absorption bands, this pre-resonance
effect will be more important than for the uncolored form (only UV absorptions). Moreover, a steeper
increase in the molecular polarizability takes place in the NIR. Consequently, the modulation of the
refractive index will benefit from this effect and it increases with the frequency too [57]. This feature has
been recently highlighted [49] in a series of diarylethene based polyurethanes, where a clear positive
trend existed between the Δn and the absorption wavelength of the colored form.

To sum up, in order to maximize the modulation, it will be necessary to:

• maximize the concentration of the photochromic dye in the film;
• design a photochromic molecule with specific chemical groups that enhance the change in the

molecular polarizability (large change in the π conjugation path and efficiency);
• increase the wavelength gap between the absorption band in the UV of the uncolored form and

the visible band of the colored form.

According to the experimental results reported in the literature, the concentration parameter is
the most important one in affecting the Δn and for these reasons, backbone photochromic polymers
have been developed. Values of the order of 0.08 at 800 nm were measured [58].

4. Writing Strategies and Examples of CGHs

In a typical route for the CGH production, the photochromic film is converted to the colored form
by irradiation with UV light. Then, the layer is patterned upon exposure to visible light, which induces a
selective bleaching of the film. We considered two different strategies here for the substrate patterning: (i) a
mask projection system, based onto a spatial light modulator; (ii) a scanning system, by direct laser writing
(maskless lithography). The two techniques, presented hereafter, are complementary. In both cases, the
writing process may not introduce imperfections, called pattern distortions, especially when the holograms
are used in interferometric applications. They are basically due to a misalignment of the writing beam with
respect to its ideal position and can be quantified as the introduced wavefront error ΔWζ [59]:

ΔWζ = −mλζ
G

(11)

where m is the diffraction order, ζ is the grating position error in the direction perpendicular to the
pattern lines and G is the local line spacing. To minimize these errors, it is convenient to work at low
diffraction orders and with coarse line patterns. Along with this, the quality of the reconstructed image
depends on the planarity of the substrate, since any imperfection produces phase contaminations.
This is valid for the substrate itself, as well as for the photochromic film. It is crucial, accordingly,
to optimize the depositing process not to introduce high spatial frequency errors in the transmitted
wavefront, for both the film thickness and planarity.

4.1. Mask Projection

This approach consists in the projection of a mask specifically designed with the target pattern onto the
photochromic substrate. Such approach derives directly from the well-established mask lithography [60].
An interesting possibility consists of the image projection through an Offner relay, which produces a one
to one projection of the mask plane, where a Digital Micromirror Device (DMD) is placed, onto the sample
plane, where the photochromic film is [61]. A DMD is a rectangular pattern of micromirrors that can be
independently addressed between two specific angular positions. The device used in our tests by Texas
Instruments (Dallas, TX, USA), is composed by 2048 × 1080 micro-mirrors with a pitch of 13.64 μm. The
optical quality of the system is limited by the micromirror size and not by the optical aberrations. During
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the writing process, the DMD is homogeneously illuminated by a filtered light source. A CGH imaging
system is also present, to follow the writing process in real time (Figure 12).

 

Figure 12. DMD based set-up for writing the photochromic CGHs. The three main subsystems, namely
illuminating system, DMD mask projection and CGH imaging are highlighted. In the inset, a picture of
the DMD used is reported [61].

Recording a binary CGH requires the projection of a single DMD mask for enough time to produce
the full conversion of the film from the opaque to the transparent form. The advantage of the DMD
projection system is the possibility to easily write grayscale CGHs [62]. Since the DMD is a programmable
device, any mask can be projected for a specific amount of time. In fact, the photochromic material
becomes progressively transparent when illuminated by visible light, and a given level of transparency,
i.e., a given level of gray, is obtained with a well-defined exposure time. Caution is needed since the
material response is not linear with the exposure time, but the transmission curve as function of the expose
time can be measured before the CGH production and used for the linearization. Figure 13 illustrates an
example of a grayscale CGH, with four different masks used for its realization.

Figure 13. A grayscale CGH, the magnification shows the well-defined gray levels; examples of masks
used for its production [62].
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The versatility of the DMD is the great advantage of this technique: although a binary amplitude
CGH has a higher efficiency, a grayscale hologram enables for much better image reconstruction quality,
which leads to a better control on the wavefront generated by the CGH. On the other hand, the image
resolution is limited by the micromirror size and number, i.e., by the ratio between the dimensions of
the single micromirror and the whole chip. A possible step forward could be the stitching of different
DMD projections to create a larger CGH or to demagnify the DMD, thus increasing the resolution (the
image of the single mirror is smaller) and then stitching the different DMD images.

4.2. Direct Laser Writing

With direct laser writing, the pattern is transferred to the photosensitive layer using a light
beam focalized in a theoretically diffraction limited spot onto the substrate. The laser power can
be continuously adjusted while the substrate is scanned in the plane and exposed where necessary.
Usually, an autofocus system keeps the substrate in the correct axial position to guarantee the best
spot resolution. In the past, we investigated the possibility to use commercial direct laser machines
to transfer patterns onto photochromic substrates [63], but we faced problems due to the writing
speed, light power, and wavelength. In fact, commercial systems are characterized by high speed rates
(hundreds of mm/s), very high light powers (tens of mW/μm2), and usually work in the spectral region
suitable for photoresists, namely in the UV, which is not really suitable for diarylethenes. We observed
a low definition of the pattern, and the formation of surface reliefs on the coating given by the local
heating of the substrate. In contrast, the resolution was very high, being limited by the spot size (down
to 1 μm). We therefore developed custom direct laser machines for the production of photochromic
CGHs, where we optimized the writing speed, the light power and the writing wavelength.

The developed system is shown in Figure 14 [64]. It is composed by a moving table (raster X-Y
scan) and an optical bench (Offner relay layout), mounted vertically on a fixed bridge. The light source
is a multichannel laser system equipped with four heads at 406 nm, 520 nm, 638 nm and 685 nm. The
different wavelengths were selected as function of the sensitivity curve of photochromic materials and
can be used independently. The light is coupled to an optical fiber and guided to the writing head. A
trigger mechanism driven by the linear stage switches the lasers on and off at MHz speed. A viewing
camera is also present to align the substrate and follow the writing process. The spot size is 3–4 μm
depending on the wavelength, the writing speed 1–3 mm/s, and the laser power at the focal plane
1–3 mW.

 

Figure 14. (a) Mechanical (top) and optical (bottom) schemes of our direct laser writing machine;
(b) Different magnifications of a typical sample of photochromic film, written with a Fresnel CGH [64].
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4.3. Examples of Diarylethene-based CGHs

Here we show some examples of holograms obtained with photochromic films based on
diaryletehenes. As previously discussed, the calculated hologram phase function can be approximated
as an amplitude or phase pattern, both binary and grayscale, and transferred to the photochromic layer
with the most appropriate technique. While for binary CGHs direct laser writing is preferred, grayscale
CGHs can be more easily obtained with the mask projection technique. In the latter case, recording
a binary CGH requires the projection of a single mask to the photochromic plate, while grayscale
holograms can be obtained by sequentially displaying a series of binary masks to locally create the
desired level of transparency [61]. Considering diarylethenes, amplitude holograms performs well in
the visible region, approximately between 500 and 800 nm, while phase holograms performed well in
the NIR region, approximately between 800 and 1500 nm.

A nice example is the CGH of a Fresnel lens reported in Figure 15 [49]. This CGH behaves as
a spherical lens and the focal length is dependent on the spacing of the lines. As clearly shown in
Figure 15b, it is possible to identify a focused spot on the camera both illuminating the CGH with
a red laser (650 nm), where the hologram behaves as an amplitude hologram, and illuminating the
CGH with a NIR laser (980 nm), where the hologram is a pure phase hologram. The corresponding
transmission spectra and the refractive index dispersion curves are reported in Figure 15a, where it is
marked with arrows showing the change of property between the two forms in the film.

Colored form 

Uncolored form 

Colored form 

Uncolored form 

Figure 15. (a) Measured modulation of transmittance and refractive index of a high content
photochromic film; transparent form (red line) and opaque form (blue line). The arrows highlight the
change in the transparency and refractive index; (b) Left: Microscope images (phase and amplitude) of
a Fresnel CGH recorded on a diarylethene based film. Right: CCD images of the laser spot in the focal
plane [49].

Another example of photochromic CGHs is reported in Figure 16. It is the image of a dandelion
(430 × 430 pixels), that has been transferred by direct laser writing. The hologram is a binary amplitude
type, square with a 17 mm side, and a pixel size of 3 μm.
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Figure 16. Image of a dandelion and the calculated binary Fresnel CGH (4 × 4 mm2 size at a focus of
0.5 m) [64].

The calculated CGH was transferred on the photochromic film by means of the direct laser writing
machine and the result is reported in Figure 17 details of the pattern.

   

Figure 17. (a) Photograph of the CGH and a magnification of the written pattern; (b) The reconstructed
image at 633 nm [64].

The image is reconstructed at 0.5 m, with a size of 4× 4 mm2 (Figure 17b). We notice the complexity
of the image with small details, which requires a large hologram due to the high information density
on its edge. Hologram resolution and size prevented the use of the mask projection technique to obtain
the same level of details.

The second example is the image of a letter “Z” (200 × 200 pixels), obtained by mask projection.
Accordingly, the hologram is grayscale amplitude. The size of the CGH is limited to 10 × 10 mm2,
which leads to a CGH resolution of 720 × 720 pixels according to the DMD size. In order to be sure that
all the fringes in the CGHs are resolved, the image physical size and the focus are fixed at 2 × 2 mm2

and 2 m, respectively. Once we obtained the continuous complex pattern, its magnitude was discretized
to twenty gray levels with thresholds ranging from 0 to 1 in steps of 0.05.

Figure 18 shows the calculated and the actual grayscale CGH of the letter Z, along with the
theoretical and experimental reconstructed image.

Figure 18. From left to right: the calculated and recorded (grayscale) CGH on the photochromic
polymer; simulated and experimentally reconstructed image at 633 nm [62].

The image, reconstructed at 633 nm, shows a dimension on the camera of 2 × 2 mm2, as expected.
Very faithful reconstruction has been obtained with respect to the simulated reconstructed image as well
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as the original “Z” image. Also in this case, we can notice the fidelity of the reconstruction, confirming
the effectiveness of the mask projection approach to produce amplitude grayscale holograms.

5. Conclusions

Photochromic materials give interesting opportunities as substrates for the manufacturing of
rewritable Computer-Generated Holograms (CGHs). Indeed, phase and amplitude holograms are
demonstrated and binary and grayscale pattern can be easily transferred. In order to make high
quality holograms, the optimization of both the photochromic material and the writing procedure
is necessary. As for the material optimization, the combination of a kinetic model and experimental
UV-vis data makes possible the development of a computational tool to predict the performances
in terms of transparency contrast of photochromic films. In this way, a balanced choice of the film
thickness and photochromic content leads to high efficiency amplitude holograms. In addition, the
versatility in the synthesis of photochromic diarylethenes provides many possibilities in tuning the
spectral position and intensity of the band along the whole visible region. As for the phase hologram
and the modulation of the refractive index, important guidelines are provided in order to maximize
the efficiency. We also highlighted that another crucial aspect is the writing strategy; here both a
reconfigurable mask approach based on a DMD chip and a direct laser writing machine are reported.
The former is more suitable for the realization of grayscale patterns, but suffers from a low spatial
resolution; the latter is more suitable for binary patterns and provides a much larger spatial resolution
in the case of large area CGHs.
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