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Yb-doped Fiber Pulse Laser Capable for Highspeed Wavelength Scanning

HERAPARNK LR —RA 8 Z&' 8 #x' etyb+ 030 UFT HA'
The University of Tokyo.?, ° Yifan Ma!, Maolin Dai*, Bowen Liu', Sze Y. Set! and Shinji Yamashita®
E-mail: mayifan@g.ecc.u-tokyo.ac.jp

In recent years, femtosecond pulse laser has gained increasing recognition, predominantly due to its
capacity for wavelength conversion and high peak power. Making it an advantageous tool for
implementing spectroscopy techniques, notably Scattering Raman Spectroscopy (SRS) and Coherent
Anti-Stokes Raman Spectroscopy (CARS). However, high-speed spectroscopy scanning traditionally
poses a challenge [1]. Conventional tuning strategies, such as the optical parametric oscillator, often
demand distinct crystal tilting angles, thereby necessitating complicated control units. This preference
for external strategies tends to demand greater effort, thus presenting an area ripe for innovation and
improvement.

Yb-doped fiber mode-locking laser, as a reliable laser source, its structure is well developed. We have
constructed a traditional Yb-doped femtosecond laser, system layout shown in Fig.1(a) and plan to
achieve wavelength scanning through its spatial filtering section, eventually applied in the subsequent
SRS system. As result, we obtain pulse centered around 1020 nm, with a duration of 874 fs (Fig1(c)),
repetition rate of 161 MHz and average power over 400 mW. It should be noted that the FWHM of
spectrum is 6 nm, thus the pulse can be compressed further.

Within the laser cavity, the laser light passes through two gratings to achieve spectroscopic separation.
By adjusting the position of collimator 2, we can direct light of different wavelengths into the fiber,
thus realizing different wavelength resonances. As Nonlinear Polarization Evolution (NPE) mode-
locking is relatively sensitive, typically, changes in resonance wavelength necessitate concurrent
changes in polarization control, otherwise the laser could easily lose its lock. To mitigate this, we
maintain a negative dispersion within the cavity, ensuring relatively stable soliton mode-locking. In
addition, we have selected a particularly stable mode that is self-starting, and we continuously collected
spectral data over a 12-hour period to ascertain its stability.

Currently, by adjusting the position of collimator 2 using the mirror frame, we have achieved a
wavelength tuning range of 17 nm as shown in Fig.1(b). This is not our limit; the adjustment range of
the collimator mount has reached its maximum, and the speed is not fast enough. We only demonstrate
its tunability in this paper. For next step, we plan to add a scanning galvo followed by the grating pairs,
which will enable us to achieve a wider range of tuning and ultra-high-speed scanning.
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Figure 1 (a) System Layout. (b) Tuning range by moving the collimator mount. (c) Autocorrelation and pulse width

[1] Smith, E., & Dent, G. (2019). Modern Raman spectroscopy: a practical approach. John Wiley &
Sons.
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Nonlinear Optical Response of Jahn-Teller Susceptible Mixed Transition Metal Oxide
Ankit Sharma, Mansi Pathak 2, C.S Rout?, K.V. Adarsh!
1Department of Physics, Indian Institute of Science Education and Research, Bhopal, 462066 India

2Centre for Nano and Materials Science, Jain University, Ramanagaram, Bangalore, 562112, India

E-mail: adarsh@iiserb.ac.in

The sustainability of optical nonlinearities of material systems is crucial for future technological and
fundamental importance e.g., optical switching, signal processing, second harmonic generation, solar
energy harvesting, optical limiting, frequency-comb, etc. In the last four decades, extensive works had been
dedicated to advances in the nonlinear optics field but still, we rely on metal chalcogenides, LiNbO3, BBO,
etc. as a nonlinear crystal for technological applications. However, several groups have demonstrated
different materials systems with relatively enhanced optical nonlinearities and their prospects, e.g., 2D
TMDCs, vertical and horizontal heterostructures, and inorganic and organic perovskites. But they are still
in the struggling stage for device applications due to their low growth yield, and high instability. Here, we
have chosen mixed transition metal oxides MnCo.04 and demonstrated its nonlinear optical response.
Mostly, oxides are known for higher stability and wide bandgap materials and consequently, they are
transparent for the visible and infrared regime. But the oxides from mixed transition metals with partially
filled d-orbital provide an additional degree of freedom to exploit their oxides in the visible regime. Partial
d-orbital of transition metals with tetrahedral/octahedral goes through structural distortion and stabilized
the system energetically by splitting the conduction band into low and high-spin states. We exploit these
properties and observed two optically active bands in optical absorption spectroscopy at ~ 768 nm and ~
507 nm. Further, we investigated its third-order susceptibility by incorporating the open (OA) and close
(CA) aperture standard Z-scan technique. We used 7 ns, 532 nm Gaussian shape laser excitation at 53
MW/cm2 and observed the valley at a tight focusing position with two shoulder peaks near the focus which
is evidence of excited state absorption. Interestingly, the CA transmittance profile revealed the Kerr lensing
effect i.e., self-focusing properties of MnCo,04 under similar excitation. Finally, our study proposed
another material system that can be a potential candidate for optics and photonics applications and therefore

needs to be investigated extensively for the fundamental understanding of these emerging materials.
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state absorption via open-aperture Z-scan, and (c) close aperture Z-scan at 532 nm laser excitation.
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Unveiling NiFe,O, Nanoparticles as an Efficient Nonlinear Optical Limiter

Naresh Aggarwal®, Pratik V. Shinde?, Chandra Sekhar Rout?, K. V. Adarsh'*

!Department of Physics, Indian Institute of Science Education and Research, Bhopal,462066,
India

2Centre for Nano and Materials Science, Jain University, Ramanagaram, Bangalore,562112,
India

* Email Corresponding author: adarsh@iiserb.ac.in

Ternary transition metal oxides (TMOSs) belong to an exciting branch of material due to their high used in
supercapacitors because of their excellent electrochemical properties and multiple oxidation states. Nickel
ferrite oxides NiFe2O4 (NFO) are also a member of the TMOs family which have very high optical limiting
strength and quick response time and have also been used in the field of pseudo-capacitors., however the
nonlinear optical response of NFO is still not explored in detailed. In this article, we tailored the nonlinear
optical limiting response of NFO nanoparticles and tuned its nonlinear behavior as a function of intensity for
its applications as one of the best optical limiter materials. Here, we investigate the nonlinear optical
performance of NFO by using the Z-scan technique based on third-order nonlinear processes in which we
excite the sample by a nanosecond laser whose pulse width is 7ns and photons have energy around 2.33eV.
We observed that NFO shows reverse saturable absorption behavior with a very large absorption coefficient
B in the order of 10? cm/GW and a very low optical onset (Foy) as compared to many other TMOs materials
and hence it can be a hallmark material for using optical limiting applications. We also observed that NFO
has a negative nonlinearity response with a nonlinear refractive index around 10**cm? GW*, which exposes
its self-defocusing nature. Overall, our studies demonstrate that NFO is also a hallmark material for use as a

good optical limiting material as well as a supercapacitor.
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Kerr nonlinearity in tailoring dispersion characteristics in optical fiber using a numerical analysis

Mitali Sahu and Partha Roy Chaudhuri*

Department of Physics, Indian Institute of Technology Kharagpur-721 302, INDIA
*Corresponding author; roycp@phy.iitkgp.ac.in

Abstract: This work provides a useful study of the
dispersion properties exhibited by standard silica
fiber in the presence of Kerr nonlinearity utilizing
our developed code based on Finite Difference
Method (FDM).

Analysis algorithm: We devised a simple analysis
method starting with Helmholtz equation for
nonlinear (NL) refractive index (RI) distribution
with FDM discretization by rearranging this into a
matrix eigenvalue problem. For 2-dimensional
analysis, the Helmholtz equation takes the form as,
%y 9%y
0x? = 0dy?
where, n%; = n + 20,n, (AL), n, and n, are the
f

ef
linear RI and NL index coefficient of the
corresponding medium respectively. Aqg is the
effective area of the guided mode and the input

power distribution P, takes as a Gaussian
~(x2+y?)
]/2

+keng P y) = B2y (1)

distribution form, P = P, ce
size of the input field [2].
After discretizing the above equation (1) using
FDM, we get

lpm+1,n - 2LIJm,n + me—l,n

(Ax)?

, v is the spot

l'pm,n+1 - 2Lpm,n + me,n—l
(Ay)?
+ k%nrzn,nl’pm,n = Brzn,nl’pm,n (2)
where m, n =0, 1, 2 ...i.Here, Y0 = Yp; =
Yon = Pj, = 0 condition is taken as the field

distribution represents a guided mode of the fiber,
under the mode condition: Clad RI (ng) < ngg =

kﬁ < Core RI (n.). The final wave equation in the
0

discretized form is,

(Dxx ® [+1 ® Dyy)wm,n + kgnﬁLm,nwm,n

= Brzn,nlljm,n 3
The state representation in 2-dimemsion is
represented in grid form with dimension (m —
1) x (m —1) and the Laplacian is expressed as a
sum of two sparse matrices Dy, and Dy, with the
Kronecker multiplication with an identity matrix
(.
Numerical results:

We have extensively studied several situations. As
typical results, we show in figure (1) and (2), the
dispersion shifting and the dispersion flattening
respectively with the change in input power and
spot size in Kerr nonlinearity. Thus, the standard
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fiber exhibits a dispersion flat characteristic owing
to its inherent nonlinearity.
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Conclusion:

This study employs a simple numerical approach,
based on FDM, to investigate the Kerr nonlinearity.
Through the manipulation of input power, we
successfully induce a shift in the dispersion curve
within the C-band range (1550 nm window).
Additionally, by adjusting the spot size (y) and
peak input power (Pmax) simultaneously, we
effectively flatten the dispersion near the zero-
dispersion point around the C-band region. These
findings clearly reveal the potential for developing
Dispersionless telecommunications system, thereby
establishing exciting prospects for future nonlinear
research.
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Analyzing Photopigments in Medicinal Plant Leaves using UV-Vis
Spectroscopy
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1. Objective:

Photopigment degradation in the leaf directly
impacts the quality of the leaf over time during
storage. The present study employs time dependant
Uv- vis spectroscopic analysis for analysis of the
nature of the leaf during storage.

2. Introduction:

Plants contain medicinal components which are
essential for treating many different diseases.
Research has indicated that numerous plants contain
chemical compounds, among the noteworthy active
elements found in plants are alkaloids, flavonoids,
terpenoids, tannins, and saponins. These plant
phenolic compounds can be found abundantly in
various plant components, especially within the cells
responsible for photosynthesis. UV-vis
spectroscopy is a non-invasive technique in which
the photopigments in the leaf absorb the light at
different wavelengths which helps in analyzing the
characteristic properties of the photopigments.

3. Material and methods:

The material used were leaves of Ocimum
tenuiflorum, Catharanthus roseus, Cymbopogon
citratus, and Hibiscus syriacus, a 96-well plate,
puncher, ethanol, and microplate reader. The four
different leaves were collected from the greenhouse,
and the dorsal and ventral punches of the leaves (the
size of each punch is 8mm) were made using a
puncher and were loaded in flat-bottom, 96-well
plates and stored at the experiment conditions before
being studied. UV-Vis absorbance spectroscopic
measurements were acquired using the Tecan Spark
spectrophotometer and the Spark Control Magellan
V 3.1 software, over the spectral range of 250-800
nm, having a scanning wavelength of step size 2 nm
with the bandwidth being 5 nm. The samples were
stored at room temperature and the measurement
was taken every day up to day 6 to understand the
degradation of photopigments with time.

4. Results and discussions:

The spectral reading was collected till day 6, then
the graphs were plotted and analyzed. The
chlorophyll peak was obtained between 650nm-
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700nm for all plants on all days. It’s also observed
that in plants like hibiscus the intensity of
photopigments is very high and does not degrade
faster, this can be stored for a longer time and its
maximum medicinal properties can be retained
within the leaf, whereas other leaves have a rapid
deterioration of photopigment which will directly
affect the medicinal properties of the leaf, during
long storages. The decrease in intensity

photopigment leads to a decrease in phenolic
compounds present in plant cells.

Figure 1: UV-Vis spectroscopy of 4 different medicinal
leaves. dorsal side of leaves(A1-D1) and ventral side of
leaves (A2-D2).left to right the plants are Catharanthus
roseus, Hibiscus syriacus, Cymbopogon citratus, and
Ocimum tenuiflorum.

5. Conclusion:

Results clearly show that with increasing storage
time the photopigment intensity deteriorates and will
in turn affect the medicinal properties of the leaf
hence the freshly plucked leaves have better
medicinal properties than the leaves stored for long
durations.

Acknowledgment:
We thank Manipal School of Life Sciences,
Manipal, Karnataka, India for providing

infrastructure and facilities.
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Spatial self-phase modulation (SSPM) is a nonlinear optical (NLO) coherent interaction between light and matters. The
phase gets self-modulated due to the change of nonlinear refractive index through the nonlinear Kerr effect and produce
diffraction rings at the far fields. [1] Porphyrins are the organic molecules with m-conjugation electron rich systems, they
possess delocalized electric field distribution and large dipole moments that lead to have significant electrical polarization,
which is a profit for higher NLO response. These molecules have various application in photovoltaics, photonics,
optoelectronics, etc. [2, 3] Herein, we report the NLO properties of four metalated porphyrin-napthalimide based donor-
acceptor systems named as PN-Zn, PN-Ni, PN-Cu, and PN-Fb using SSPM and continuous wave (CW) Z-scan method for
exploring various optoelectronic applications like optical limiting, optical switching, and logic gates, etc.

We have performed SSPM of four samples using three different lasers of wavelengths A=433 nm, 532 nm, and 636 nm.

We have observed the number of diffraction rings (N) increases linearly with increase in intensity (I) of laser. This is because,
the particles get polarized and oriented along the direction of the electric field of incident light which increased with intensity
of light through SSPM effect. From slope dN/dI (N vs | graph), we have calculated the nonlinear refractive index (n2) and
nonlinear susceptibility (%) using formulae [1] with values (1.72-3.82)x10- cm?/W and (0.88-1.67)x10- esu, respectively. The
SSPM results of PN-Zn with all three laser excitations is shown in Fig. 1(a), (b). All the obtained SSPM results are mentioned
in Table 1. The experimental details of NLO Z-scan methods discussed elsewhere [4] has been performed using 532 nm laser
excitations and data has been shown in Fig. 1(d). Different NLO parameters are extracted and calculated from Z-scan methods
using the equations taken from the references [4, 5] . From open-aperture (OA) Z-scan we observed these molecules showed
reverse saturable absorption (RSA) with values of two-photon absorption coefficients were in the range of ~ (0.84-4.1) x 1073
cm/W. From closed-aperture (CA) Z-scan, values of nz and %%, mentioned in Table 2. From both measurements SSPM and Z-
scan, we have observed the PN-Zn shows larger nonlinearities followed by PN-Ni, PN-Cu, and PN-Fb and the order difference
in n2 and 3 due to the different incident intensities used in both measurements.

| Sample inc N2 (cm?/W) x 10 Y esu x 10°

% (nm) (10 mm/1 mm) (10 mm/1 mm)

§ PN-Zn 532 3.82/11.8 1.67/6.03

E PN-Ni 532 2.81/6.39 1.44/3.54

ﬁ PN-Cu 532 2.45/6.0 1.25/3.06

-

£ | PN-Fb 532 1.72/5.62 0.88/2.87

©

F ["PN-Zn 433 4.4 (10 mm) 2.25 (10 mm)
PN-Zn 636 2.51 (10 mm) 1.28 (10 mm)

% | Sample | B (cm/W)x 107 nz2 (cm?/W) y'esux | OL onset

5 x 107 10° (mW)

4

é PN-Zn 4.09 1.71 8.81 2.7

N [PNNi | 183 118 6.36 3.0

; PN-Cu 1.57 1.02 6.12 35

S [ PN-Fb [ 072 0.99 518 4.0

Z (mm)
Fig. 1. (a) SSPM result of PN-Zn with excitation of A=433 nm, 532 nm, and 636 nm, (b) The plot of diffraction ring numbers (N) versus laser intensity (I) for A =
433, 532, and 636 nm with radius vs intensity (inset), (c) XSPM OR gate results in PN-Zn, (d) OA Z-scan, CA Z-scan and optical limit (inset) of PN-Zn.

The OR logic gate demonstration in PN-Zn has been performed by cross self-phase modulation (XSPM) using 532
nm, and 636 nm laser, the output satisfied with OR-Logic gate conditions, as shown in Fig. 1(c). The optical limiting (OL)
study of PN-Zn is shown in the inset of fig. 1(d) with OL onset at 2.7 mW. Therefore, these measurements provide promising
evidence that these molecules can be suitable for all-optical switching, OR-Logic gate, optical limiting optoelectronics NLO

applications.

References

1. Sk, K., etal., Nonlinear Coherent Light-Matter Interaction in 2D MoSe2 Nanoflakes for All-Optical Switching and Logic Applications. Advanced
Optical Materials, 2022. 10(19): p. 2200791.

2. Ahmed, M.S., et al., Metalated porphyrin-napthalimide based donor-acceptor systems with long-lived triplet states and effective three-photon
absorption. Journal of Photochemistry and Photobiology A: Chemistry, 2023. 435: p. 114324,

3. Nayak, S.K., et al., Femtosecond nonlinear optical properties of polycyclic aromatic hydrocarbon-based Benzo [e] pyrene derivatives. Optical
Materials, 2023. 137: p. 113603.

4. Ahmed, M.S., et al., Tunable near-infrared emission and three-photon absorption in lanthanide-doped double perovskite nanocrystals. Nanoscale,
2023. 15: p. 9372-9389.

5. Ahmed, M.S., et al., Enhanced femtosecond nonlinear optical response in Mn-doped Cs2AgInCl6 nanocrystals. Optics Letters, 2023: p. DOI:
10.1364/0L..494431.

© 2023F I[CRAYEER 04-066

FEBAMICAYEFAUTEMARS BRTRE (2023 AR —ILIENIRE)



© 2023%F [SAMEZS

21a-P0O1-7

SE84MIS AL

Exploring Ultra-broad Supercontinuum Generation Using Chalcogenide Fiber
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I. Dispersion Engineering

To optimize the design for pulse propagation and
Supercontinuum  Generation (SCG), we revisited a
chalcogenide glass fiber with elliptical and circular core
cross-section. We take AsiSeo and AssSssas core and
cladding materials for standard step index fiber. By
optimizing the fiber structure, we calculate the nonlinear
coefficient (y), and the group velocity dispersion (GVD, £,),
for the fundamental modes of the fibers. Table 1 presents the
associated data obtained from our observations.

Table 1
Nf:ar Z(?ro B, at y at
Dispersion NZDW NZDW
Wavelength ) 1
(NzDW) | (@s?/m) | (W™m™)
Elliptical 2.8 um -0.05 0.22
core
Circular core 3.15 um -0.01 0.13

By incorporating the typical parameters mentioned, we
simulate the propagation of ultrafast pulses using a
generalized nonlinear Schrodinger equation (GNLSE) [1],
which is expressed as follows:

klak
_A+ A+<Z[3k - 6Tk)

k=2
1 0
=iy (14 o) < (- flar
tf f he(@D A2 T - DIdDA (1)

0
The response function R(T) of a system, which describes
its nonlinearity, incorporates both immediate and delayed
Raman effects. It can be expressed as,
R(T) = (1 = fr)&(T) + frhr(T) (2)
where fp represents the fractional contribution of the
delayed Raman response to the system's nonlinear
polarization. It takes the value of 0.148 [2]. The Raman
response term, hy, is given by the expression

2+ 2
he = 2 Zexp(—t/t)sin(-1/)  (3)
717,

For Chalcogenide materials, these are 23 fs and 164.5 fs,
respectively [2]. The incident pump pulse is assumed to be a
hyperbolic secant pulse, which can be represented as
follows:

AQ,T) = Py sech (1) 4),
where P, and T are the peak input power and the pulse
duration (1/1.763 of the full width at half maxima duration
for the input pulse) respectively
Fig.1 presents the numerical results related to SCG
obtained by launching a secant hyperbolic pulse with a width
of 200 fs, and a peak power of 1 kW at a wavelength of 3.15
pm into a 10 cm long circular core fiber. The result
demonstrates the SCG of 2.1 pm wavelength band at a
distance of 4.2 cm. In the case of the elliptical core fiber
shown in Fig. 2., the input pulse experiences the SCG of 2.2

pum at a distance of 3.3 cm when the pulse is launched at 2.8
um wavelength. It is noteworthy that when utilizing an
elliptical cross-section, the flat wavelength band further
increases and this flatness is achieved with a shorter fiber

length.
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Fig. 1 SCG for circular core fiber.
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Fig. 3 SCG for elliptical core fiber.

II1. Conclusion

This investigation establishes that modifying the cross-
section of a fiber can enhance the flatness in the wavelength
band caused by the nonlinearity in the medium, particularly
with chalcogenide fiber. These findings suggest that
carefully engineered chalcogenide fibers, with optimized
dispersion and nonlinearity, hold great promise as efficient
devices for generating broadband femtosecond infrared (IR)
pulses while minimizing power consumption. Such
advancements have significant implications for applications
in the 2-5 pm wavelength range.
References
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We study and explore the two-soliton interaction in silica
and chalcogenide (As,Ses) fibers. For this, we focus on two
temporally separated solitons in a single-mode fiber,
revealing significant modification of Kerr-induced
interaction by interpulse Raman scattering.

I. DISPERSION PARAMETERS FOR SOLITON INTERACTION

We have computed the nonlinear coefficient (y), and
group velocity dispersion (GVD, B,) for the fundamental
mode of the fibers. Table 1 presents the observed values of y
and S, at 1500 nm.

TABLE 1
B> Ve
SILICA -1.18x102% 0.08
CHALCOGENIDE | -5.0 x1072¢ 1.20

Il.  NUMERICAL MODEL

The equation governing the pulse propagation is expressed in
the form:

S a+a+ > A P (1+1 a)x
22" "2 mﬁ" Kotk ) T Y\ Ty, ar

<(1 - fR)'AlZ + fr f hg(D) |A(z, T — T)|2dT>A ¢))
0

The Raman response function R(T) is defined as,

R(T) = (1 = fz)8(T) + frhr(T) ),

Here f; represents the fractional contribution of the
delayed Raman response. In case of chalcogenide (As.Ses),
fz has the value 0.148 [4]. The Raman response term, hg, is
given by the expression

T2 + 12 )
hg = 7 exp(—1/7)sin(~7/1,) (3)
7173

For silica fiber, 7, = 12.2 fs, 7, =32 fs, and f; = 0.18.[2]

For chalcogenide, these are t; =23 fs and 7,= 164.5 fs.[4]

We considered two incident pump pulses having a hyperbolic
secant (sech) shape, as follows,

A0, T) = \/P_Osech (T;—:O) + \/P_Osech (T;jo) (4),

where P, and T, are the peak input power and the pulse
duration respectively. Here,q, = 5x10713s,

We have applied peak power across a range of 200W to 1kW
at a wavelength of 1550 nm into 2m long fibers (silica and
chalcogenide). In the case of silica fiber, the interaction takes
place at ~ 78 cm for a peak power of 200W. For chalcogenide
(AsSes), we observe the two-soliton interaction occurring at
~ 30cm at a peak power of 200W. On increasing power, the

Distance (m)
= > =] - - = -
2 o % = N B &
Distance (m)

&=
N

-2 0 2
Delay (ps) Delay (ps)

A B)

Fig. 1 Two-soliton interaction at peak power of 200W,
(A) for silica fiber, and (B) for chalcogenide (As,Ses).

I1ll.  CONCLUSION
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Fig. 2 Variation in interaction distance of two solitons on increasing
pOWer.

Our research has focused on the impact of interpulse Raman
scattering on the nonlinear interaction between two
temporally separated pulses. We have conducted a thorough
analysis of the interplay between soliton dynamics and
Raman scattering and concluded that, in less nonlinear
material, the solitons propagate longer distances without any
interaction with lower input power as depicted in silica and
chalcogenide fibers. Around 500 W, the separation is
maximum between silica and chalcogenide as seen in Fig. 2.
These new results will be presented in the conference.
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Lipids play many important roles in the body including cell signaling and energy storage. The presence of
excessive lipids, or disruption of normal lipid metabolic processes in the cell, has been linked to lifestyle
diseases such as atherosclerosis and obesity. Where the affected cells are part of the innate immune system
such dysregulation of lipids has also been implicated in impaired immune responses to infection. Therefore,
understanding how macrophages are affected by the presence of fatty acids in their local environment is an
important step in understanding lifestyle disease development. Using Raman spectroscopic imaging we
studied the uptake of several concentrations of palmitic, stearic, oleic and linoleic acid in live macrophage
cells. Macrophages readily take up these lipids, which can be observed by Raman imaging at the edge of
the cytoplasm close to the cell membrane, with the exact distribution dependent on the nature of the fatty
acid (unsaturated/saturated) and the exposure concentration. At the highest concentrations, all fatty acids
appear to be toxic to the macrophage cells after 24 hours of exposure. By comparing the Raman intensities
of the pure fatty acids and ratiometric imaging of the intensities within the macrophage cells we were able
to determine that the toxicity of a fatty acid is not due directly to the amount of fatty acid present in the
macrophage, rather the nature of the fatty acid is important. This demonstrates the power of high-resolution
ratiometric Raman imaging for bioanalysis. In addition, we monitored macrophage cells after removing
fatty acids from the surrounding environment, observing a reduction in fatty acid content of the cells over
the following 48 hours, showing that even heavily lipid-laden macrophages can process these excess lipids

once fatty acids are removed from the environment.
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The tunability of the bandgap, radiative emission, and energy transfer in transition metal dichalcogenide
(TMD) monolayers provides a new class of functions for a wide range of ultrathin photonic devices.
Additionally, understanding and controlling the nanoscale transport of excitonic quasiparticles, such as
excitons and trions, in atomically thin 2D semiconductors are crucial to produce highly efficient
nano-excitonic devices. In this talk, I present a dynamic nano-mechanical strain-engineering of
naturally-formed wrinkles in a WSe, monolayer, with real-time investigation of nano-spectroscopic
properties using tip-enhanced cavity-spectroscopy. We reveal the modified nano-excitonic properties by the
induced tensile strain at the wrinkle apex, exhibiting the exciton funneling phenomenon. In addition, we
demonstrate a nanogap device to selectively confine excitons or trions of 2D TMDs at the nanoscale,
facilitated by the drift-dominant exciton funneling into the strain-induced local spot. Furthermore, we
present a method for the all-optical control of the exciton-to-trion conversion process and its spatial
distributions in a MoS, monolayer. We exploit propagating surface plasmon polaritons (SPPs) to localize
hot electrons in a 2D TMD transferred on a metal-insulator—-metal (MIM) waveguide. Our work provides a
new strategy for robust, tunable, and ultracompact nano-excitonic devices using atomically thin

semiconductors.
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1. Introduction

The concept of surface plasmon amplification by
stimulated emission of radiation (spaser) was proposed by
D. Bergman and M. I. Stockman in 2003 [1-3]. The idea is
to get coherent plasmon mode in nanoscale regime. In
adiabatic rapid passage (ARP), the pump radiation is tuned
above the resonance frequency and the radiation is swept
through resonance [4].

In this article, we use Gaussian pulse to pump a spaser
system. We utilize the concept of ARP and show that a
chirp Gaussian pulse is more efficient for population
transfer in gain medium [4]. As a result, a large number of

3. Results and discussion
We solve the Von-Neumann equation given as [5]

. i

p=—2[H.P1+L(o), @
where L(p) account the decay rates (¥s2,¥21). The
Gaussian pump pulse has width T = 250 fs. The detuning
term ws, — w, = 5 X 1012571, The chirped pump pulse
induces robust population transfer in gain medium [4],
which ultimately leads to the generation of an intense
spaser pulse.

localized surface plasmons (LSPs) are obtained. 1000 ==C=0
800 ele

2. Model -

The spaser system consists of metal nanoparticle _ 600

surrounded by a large number of quantum dots (QDs) [3, =z

5]. The gain medium is three-level A system, where all the 400

population initially is in level |2). The system is pumped 200

by the Gaussian pulse. The Hamiltonian for the proposed

geometry is given by 00 e oaa S .
t(s) %107

H =) [a(@213)21 + 9§13 +e.c)].

P

The Rabi frequency for [3) — |2) transition is written as
. = ds,. E(t)/h, where d, is transition dipole moment,
E(t) = Aexp(—iw t)exp[—(1 + iC)t?/7?], C is chirp
parameter and 7 is pulse width. The Rabi frequency for
[3) = |1) transition is given by 0, = ds3;.E,(t)/h =
Q,a,(t), where 2, is single plasmon Rabi frequency, a,,
is LSP annihilation operator. The number of LSPs is given
by N,, = |a,(t)|?. The detailed semiclassical theory, with
Hamiltonian and numerical parameters, is covered
somewhere else [3, 5].

Fig. 2. Temporal evolution of N, for differently chirped pump
pulse.

As depicted in fig. (2), number of LSPs increases with
increase in chirp parameter of the Gaussian pump pulse.

4. Conclusion

We reported an enhancement in spaser field induced by
chirped Gaussian pump pulse. This was achieved due to
robust population transfer in gain medium utilizing ARP.
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1. Introduction

For the applications in the extreme ultraviolet (EUV)
region, early research [1] revealed that the suitable design
of multilayer mirrors with a wavelength of 5 to 50 nm can
increase the reflectivity. Li et al. have done related research
on Mo/Si multilayer films and proposed vacuum voids
mixing in the Si layer can be used to increase the reflectiv-
ity for EUV radiation [2]. It is found that the higher propor-
tion of vacuum voids, the higher reflectivity can be ob-
tained from 73.43% for no vacuum voids to 83.24% for full
vacuum voids. According to [2], the reflectivity can be ef-
fectively improved by vacuum mixing Si layers in 40 pairs
of Mo/Si multilayer films. Mo has a larger extinction coef-
ficient than Si in the 13.5 nm wavelength region, so Mo is
designed as an absorber to localize into the low-intensity
standing wave field. By using a Si layer mixed into the
vacuum, the high-intensity regions will have a smaller ex-
tinction coefficient, i.e. the imaginary part of the refractive
index. The reflectance can be improved by mixing the Si
layer in vacuum is because it has more difference between
the real parts of the refractive index of the Si layer and the
Mo layer; thereby, the interference effect is enhanced. For
the multilayer columnar structure mixed into the vacuum
layer [3], there are also related researches on the applica-
tions in the visible light region. It is not yet found to use
similar kinds of structures in extreme ultraviolet light re-
gion. In this paper, we propose a hybrid Mo/Si multilayer
cylinder-film in control of the constructive interference in
multilayer films to enhance reflectivity of EUV radiation.

2. Results and Discussion

We used the finite-difference time-domain numerical
method to simulate electromagnetic wave calculations, and
constructed 40 pairs of Mo/Si multilayer films and special
structures mixed with multilayer films (20 pairs) and cyl-
inders (20 pairs) as shown in Fig. 1. The columns are ar-
ranged in a hexagonal grid and the pitch is 13.5 nm, which
can make them more closely arranged. In order to increase
the air interlayer of Si, the radius of Si in the cylinder re-
mains 50% of the radius of Mo. According to the numerical
simulation results as shown in Fig. 2., the reflectivity can
be increased to about 81% compared with the conventional
40-period Mo/Si multilayer which has the reflectivity about
75%. However, it can be noticed that when the radius of the
pillars becomes larger, the method using the hybrid colum-
nar structure is more effective on reflectivity. It means that
the closer the columnar structures are to each other, the
greater the reflectivity enhancement effect will be.

‘ h = 40*Mo/Si, pitch 13.5 nm, radius of Mo= 2~6 nm |

pitch
—

[
I%*h

Si substrate

Fig. 1. Traditional 40 pairs of Mo/Si multilayer film (left), and
multilayer columns and films mixed (right).
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Fig. 2. Reflectivity in 12.5 nm ~ 14.5 nm of traditional 40 pairs of
Mo/Si multilayer film (left), and multilayer columns and films
mixed (right).
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3. Conclusions

We successfully presented Mo/Si multilayer correla-
tion simulations and showed that the columnar structure of
the hollow interlayer can enhance the reflectivity. The re-
flectivity can be increased to about 81% for our proposed
structure which is much better than the conventional
40-period Mo/Si multilayer which has the reflectivity about
75%.
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1. Introduction

Three-dimensional (3D) metasurface holograms that enable natural 3D viewing with less fatigue are expected to be ap-
plied to 3D displays™, AR/VR devices, and so on. In this study, we achieved a 3D holographic animation that can be ob-
served with the naked eye without using a lenst? as shown in Figure 1, by fabricating an array of large-area metasurface
holograms. A movie that consists of 8 frames was successfully reproduced with a maximum speed of 2.8 fps.

2. Results

An array of metasurface holograms was fabricated using silicon nitride (SiN), which exhibits high transmittance in the
visible light range. We calculated the phase distribution on the hologram surface to obtain a target image with a propagation
distance of 30 mm. To avoid overlap between the projected and the conjugate images, the prism phase w=2nxsind/A, where A
is the wavelength, x is the position in the x direction of each pixel, and @ is the bending angle, was overlayed on a hologram
phase distribution. The phase delay and width of the nanopillars with an octagonal cross-section, a height of 1500 nm, and an
array period of 340 nm were calculated using the finite element method. Based on these results, the width range from 50 nm
to 170 nm was adopted to cover the full 2z phase range with the average transmittance of 97 %. A glass substrate on which
SiN was sputter-deposited was used for fabrication. The substrate was coated with a resist, the structural pattern was drawn
by EB lithography, and chromium was deposited by vacuum evaporation. The resist was removed by lift-off, the SiN was
scraped by RIE, and the chromium was removed by wet etching. Fig. 2 shows the target images (a) and projected images (b)
of the produced holograms. The projected images are reproduced with the target images with different inclinations in each
frame, and can be observed without overlapping with the conjugate image due to the prism phase. The diffraction efficiency
of each frame was highly efficient, ranging from 55% to 62%, and the propagation distance was 27 mm, which was almost
as designed. Then the hologram was mounted on a biaxial automatic stage in the vertical and horizontal directions, and a
program was created to operate all 8 frames alternately with the laser blinking. By looping the program, an operation of 2.8
fps was achieved. Improvement of the operation speed is expected by replacing the stage to the faster one.

Metasurf A B = ®
etasurface /" Target mage ™\
Holograms /‘\ I N . .

N

A= 532 nm

Fig. 1 Schematic diagram of metasurface holograms Fig. 2 All 8 target images (a) and the whole projected images of
the metasurface hologram (b)
3. Conclusions
In this study, we designed, fabricated, and evaluated moving images of monochromatic 3D metasurface holograms that
can be observed by the naked eye. In the future, we aim to increase the frame rate to more than 10 fps or higher by improv-
ing the stage movement speed, and to create full-color images by overlapping red and blue projection images.
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Surface lattice resonance (SLR) is a plasmonic-photonic mode that is supported on nanoparticle arrays,
originating from the coupling between in-plane diffraction modes and the localized surface plasmon
resonance or Mie resonance on nanoparticles [1]. Previous works have shown that SLR is capable in
significantly enhancing the light-matter interaction of fluorescent dye molecules and can enhance both the
in-coupling efficiency as well as the directional out-coupling enhancement of the fluorescent emission [2].
SLR enhances the fluorescence absorption efficiency by confining the electromagnetic field into the
vicinity of the nanoparticle array and inducing a strong light-matter interaction between the incident field
and the fluorescent molecules [3]. SLR also enhances the spontaneous emission rate of fluorescent
molecules through increased local density of state near the nanoparticle array, commonly known as the
Purcell effect [4]. The nanoparticle array also controls the emission direction through diffraction.

In this work, we optimize the in-coupling efficiency to the fluorescent molecules by finding the
conditions to maximize the absorption. The attention of this study was focused on nanoparticle arrays
embedded in an index-matching layer with fluorescent dye at various concentration. We developed a
modified coupled-mode theory that describes the interaction between the nanoparticle array and the
fluorescent layer and analyzed the absorption behavior over a variety of configurations. Our analytical
model predicts that the absorption of the SLR is mainly dependent on the absorptive and radiative decay
rates of the SLR, with modulation from the non-resonant absorption.

The modified coupled mode theory is then extended to describe nanoparticle arrays that exhibit the
lattice Kerker effect, which is characterized by the asymmetry between transmission and reflection
response. The lattice Kerker effect is observed on nanoparticles that can support both electric dipole and
magnetic dipole Mie resonances, which then forms the Electric(E)-SLR and Magnetic(M)-SLR respectively.
By tuning the resonance of the E-SLR and M-SLR to the same resonant frequency, we observed
extraordinary suppression in reflection and enhancement in absorption to near prefect absorption. We also
discovered that the absorption of the nanoparticles and the fluorescent layer are controlled by the absorptive
decay rate contributed by each component, and can be engineered to maximize the absorption to the
fluorescent layer and the in-coupling efficiency towards fluorescence.
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Abstract: We numerically demonstrate output tuning in vanadium dioxide (VO_) metasurfaces at 1550
nm, which is enabled by the phase transition of VO,. The designs could be utilized in applications
such as imaging and LiDAR sensing.

Optical metasurfaces are judiciously designed planar nanostructures that can manipulate the
propagation of light waves. They have emerged as next-generation optical components with
wide-ranging potential applications, where dynamic tuning is often a highly desired functionality.
Several approaches have been established to achieve dynamic tuning, e.g., structural deformation [1]
and coherent control [2]. This work belongs to the approach that utilizes changes in intrinsic material
properties, and the tunable material used here is VO,. VO, has a phase transition near room
temperature, which is accompanied by a large change in its optical properties. Recent advancement in
atomic layer deposition has also made deposition of high-quality VO, thin film more reliable and
repeatable [3]. These factors make VO- an ideal material for tunable metasurfaces. In this work, we
present several VO.-based tunable metasurfaces and discuss their properties such as temperature
dependence. The figure below shows an example device, where the metasurface functions as a

light-focusing lens. The focus of the metalens changes with temperature across the phase transition.
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Figure 1. A tunable VO2 metalens, showing a shift in focus with phase transition.
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Nano Letters 16, 2818-2823 (2016). [2] F. He,Y. Feng, H. Pi, J. Yan, K. F. MacDonald, and X. Fang, “Coherently switching
the focusing characteristics of all-dielectric metalenses,” Optics Express 30, 27683-27693 (2022). [3] K. Sun et. al., “Room
Temperature Phase Transition of W-Doped VO2 by Atomic Layer Deposition on 200 mm Si Wafers and Flexible Substrates,”

Advanced Optical Materials 10() 2201326 (2022).
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1. Introduction

Research on optics from the viewpoint of topology has
begun early 19th century [1]. Recently, the concept of to-
pology has opened up new fields not only in condensed
matter physics but also optics and photonics. One of them
is topological photonics [2,3], which explores and utilizes
the topological properties of light in momentum space.
Topologically protected edge states of light appear at the
boundary of two optical structures having distinct topolog-
ical properties in their band structures. The topological
edge states, as for the electronic counterparts, can robustly
guide light even under the presence of structural disorders
including sharp bends of the interface. Besides the physical
interests, this unique feature suggesting the potential for
novel photonics devices robust against fabrication imper-
fections/structural disorders has been attracting researchers
in the field of nanophotonics.

Semiconductor-based photonic nanostructures are one
of the widely used photonic structures for investigating
on-chip topological photonics because of their compatibil-
ity with the present integrated photonic technologies [4,5].
We have demonstrated, for the first time, a topological
nanocavity laser [6] and photonic nanocavity based on a
topological corner state [7] using semiconductor photonic
crystals (PhCs). In this presentation, starting with a brief
introduction to topological photonics, we will discuss our
recent progress on topological photonics based on semi-
conductor nanophotonic platforms.

2. Topological photonics based on semiconductor pho-
tonic nanostructures.

Valley photonic crystals (VPhCs) are one of the PhC
structures which can host photonic topological edge states.
We have proposed and experimentally demonstrated a top-
ological slow-light waveguide based on semiconductor
VPhCs [8,9]. The topological slow-light waveguide can
reduce the bending loss, which is significant in convention-
al slow-light waveguides. VPhC topological waveguides
have been applied to a ring-resonator laser [10] and inte-
grated quantum-dot single photon sources [11]. In VPhC
waveguides, triangular holes are predominantly used. This
makes EB lithography common in fabrication. We have
recently developed the technology for fabricating VPhC
waveguides with CMOS-compatible processes as for other
silicon photonic devices [12].

A big challenge in topological nanophotonics is to real-
ize topological PhCs with broken time-reversal symmetry
at telecom wavelengths. We have theoretically shown that

the application of the epsilon-near-zero effect can be a pos-
sible route toward the goal [13]. In addition to these results
exploiting photonic topology, if time allows, a study gener-
ating photonic topology using semiconductor photonic
nanostructures [14] will be also introduced.
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Abstract: We review the recent advances in nonlinear metaphotonics of nanoparticles
and metasurfaces empowered by optical resonances. We demonstrate a giant enhancement
of the second-harmonic signal generated from silicon metasurfaces at guided-mode lattice
resonances and quasi-bound states in the continuum. © 2023 The Author(s)

In metaphotonics, resonances play a pivotal role in enhancing nonlinear effects. Optical properties of metaphotonic
structures, whether composed of individual nanoparticles or metasurfaces, are determined by the geometry of
their units (meta-atoms) and material properties. Metallic nanostructures can host a variety of resonances, ranging
from local surface plasmon resonances (LSPR) in individual nanoantennas to nonlocal lattice modes in plasmonic
metasurfaces.

Compared to low efficiencies and losses in metallic structures, dielectric metasurfaces and nanoantennas provide
an attractive low-loss platform for nonlinear metaphotonics. The main building blocks of dielectric metastructures
are dielectric nanoparticles supporting vectorial Mie resonances. Dielectric nanostructured surfaces can also host
optical bound states in the continuum (BICs), observed as quasi-BICs, with dramatically large quality factors
(Q factors) from several hundred to tens of thousands. Common types of resonances in plasmonic and dielectric
structures are shown in Fig. 1.

For nonlinear nanostructures, the phase matching is not applicable, and the frequency conversion efficiency is
defined by the resonant characteristics such as coupling efficiency and mode Q factor. It was demonstrated recently
that quasi-BICs with very large Q factors can boost the generation of the third harmonics by several orders of
magnitude enabling ultrafast self-action effects in the non-perturbative regime. Also it was shown recently that
silicon metasurfaces hosting quasi-BICs in the mid-IR wavelength range produce the generation of up to 11-th
harmonics, as well as that individual AlGaAs nanoresonators can generate higher-order odd harmonics.

Plasmonic (~ LSPR Lattice mode ) Dielectric

BIC Mie resonance
% H
mnnn e=1 &
s -
E
X = © )
Fig. 1. Optical resonances in metaphotonics. Left: SEM images of plasmonic metasurfaces with
lattice guided mode, LSPR, and BIC resonances. Middle: the main types of resonances in plas-

monic (red), dielectric (green), and hybrid (gradient) metastructures. Right: SEM images of dielec-
tric metastructures supporting guided-mode lattice, Mie, and BIC resonances.

.

As a specific example, here we demonstrate a giant enhancement of the second-harmonic generation (SHG)
from resonant silicon metasurfaces. Our metasurface is composed of a square lattice of asymmetric meta-
molecules consisting of bar dimers with a different width. We observe experimentally SHG and third-harmonic
generation (THG) with the resonant enhancement of SHG by three orders of magnitude.
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Transverse spin angular momentum of space-time surface plasmon polaritons
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Spatially structured electromagnetic fields such as evanescent waves and surface plasmon polaritons
(SPPs) possess transverse spin angular momentum (-SAM) in the direction perpendicular to the axis of
propagation [1]. Moreover, when the SPP has a two-dimensionally structured profile at the confined interface,
the ~-SAM possesses both the in-plane (--SAM||) and the out-of-plane (--SAM.L) components, indicating that
the SPP can have a three-dimensional arrangement of spin textures and thus a finite surface area on the
Poincaré polarization vector sphere.

In this work, we numerical calculated the SAM distribution of the space-time surface plasmon polariton
(ST-SPP) wave packet (WP), a plasmonic bullet that propagates at an arbitrary group velocity while
maintaining its spatial distribution [2,3]. ST-SPP WPs with complex field structure and energy flow density
distribution were found to propagate with accompanying three-dimensional spin texture and finite topological
charge density. We handled a type of ST-SPP with a propagation-invariance. The spectral support domain of
the ST-SPP WP was defined by an intersection of a SPP light cone with a spectral plane Q =
(ky - k(’))c tan 6, which is parallel to the ky-axis and makes an angle 6 with the k,-axis (Fig.1), where
kg is the SPP wavenumber at the carrier frequency w,, and Q = w — wy. The k,-axis was taken along the
axial direction of the wave propagation. We assumed w,/27m = 375 THz (~800 nm wavelength light) and
the spectral width of the ST-SPP equal to a light pulse with the duration of 100 fs. The SAM of WPs, § =

ﬁlm(eE *X E + euH* X H) was calculated from the complex electromagnetic field of the ST-SPP. In

addition, L-line singularity map |S|/S, was calculated to evaluate where the local polarization becomes
linear.

Figure 2 shows maps of the L-line singularity (Fig.2a), and -~SAM.L calculated for the ST-SPP WP with
the group velocity v, = ¢ (c: speed of light in vacuum) at the time ¢t = 0 (Fig.2b) and 334 fs (Fig.2c),
respectively. The shape of the L-line is characterized by a series of split rings that appear in the center of the
ST-SPP WP. These split rings frame the out-of-plane SAM component of the ST-SPP. Interestingly, the spatial
distribution of the -~SAML and the L-line singularity were maintained after the WP propagated to 100 pm,
which amounted to more than twice the attenuation length of SPP (~45 pm). This result suggests the ST-SPP
WP can provide robust and group-velocity tunable transportations of three-dimensional spin textures on
material surfaces [4].

[1] K. Y. Bliokh, F. Nori, Phys. Rev. A 85, 061801 (2012). [2] H. E. Kondakci, A. F. Abouraddy, Nat.
Photonics, 11, 733 (2017). [3] N. Ichiji, H. Kikuchi, M. Yessenov, K. L. Schepler, A. F. Abouraddy, A.
Kubo, ACS Photononics, 10, 374 (2023). [4] N. Ichiji, D. Oue, M. Yessenov, K. L. Schepler, A. F.

Abouraddy, A. Kubo, Phys. Rev. A (in printing, arXiv: 2301.12654). ®) ‘ -
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Fig.1 Spectral support domain (red line) of  Fig.2 (a) L-line singularity map of the ST-SPP WP. (b,c) spatial
the ST-SPP defined as the intersection of the  distributions of the --SAML of the ST-SPP WP at the time t = 0
SPP light-cone (green cone) and the spectral  (b) and 334 fs (c), respectively, plotted with the L-line map.
plane (red plane).
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1. Introduction

Optical gas sensors for detecting and monitoring harmful
gases is of great interest in medicine, industry and environ-
ment sectors [1,2]. With the rapid miniaturization of technol-
ogy, there is an increasing demand to develop more compact,
robust and sensitive gas sensors. To address this demand,
plasmonic nanostructures of various designs have been im-
plemented to detect gas molecules through techniques such
as surface-enhanced infrared absorption. Our group has de-
veloped a plasmonic metamaterial infrared absorber that uti-
lizes vertical metal-insulator-metal channel-type (c-MIM)
nanostructures [3], wherein the resonance frequency of the
c-MIM couples with the vibration of the target molecule to
produce Fano resonance. Using this c-MIM, our group pre-
viously demonstrated the detection of butane and carbon di-
oxide gases. However, there were two main concerns: (1)
can the molecule access the hotspots in the deeper parts of
the c-MIM, and (2) can we improve the stability of the chan-
nel structure. We address these concerns through the use of
a double insulator plasmonic nanostructure, that combines
SiO, and air to engineer the position and intensity of the elec-
tromagnetic field generated at the gap between the two Au
vertical walls. The c-MIM is supported by a Si grating for
increased stability. In this work, we study the geometrical
impact of our proposed design on frequency selectivity, elec-
tromagnetic field distribution and absorption tunability ex-
perimentally and through numerical simulations [4].

2. Methods

Finite-difference time-domain (FDTD) simulations were
conducted to determine the expected resonance frequency
and field distribution of the structure. The c-MIMs were fab-
ricated using electron beam lithography for pattern drawing,
electron beam evaporation for the Au and SiO, deposition,
and inductive coupled plasma — reactive ion etching (ICP-
RIE) for creating the air gap between the Au vertical walls.
An energy dispersive X-ray spectrometer (EDX) combined
with a scanning electron microscope (SEM) was used to de-
termine the material distribution in the structure. A Fourier
transform infrared (FTIR) spectrometer equipped with an
optical microscope was used for optical characterization.

3. Results and Discussion
Figure 1a shows the fabricated high aspect ratio channel-
type plasmonic structure with the inner and the outer Au

walls having an aspect ratio of 18.3 and 16.7, respectively.
Both Au walls have a width of 60 nm. A gap that is 30 nm
in width is between the two Au walls. This gap consists of
both an upper air gap and a lower SiO2 layer whose height
varies with etching time during ICP-RIE etching. Through
FDTD simulations, we determined that the overall height of
the Au inner walls dictates the initial resonance frequency of
the structure, while the filling ratio of the air/SiO, gap can
be varied to further tune the resonance frequency. This is ex-
perimentally shown from the FTIR spectra in Figure 1b,
wherein different etching times ranging from 6 to 8 min were
used. From the simulations, we also found that this filling
ratio can tune the distribution and the intensity of the en-

hanced electromagnetic field at the gap between the Au walls.

An optimal filling ratio exists to obtain maximum enhance-
ment of the electromagnetic field.

T 20

Etching Time
w— 6m Os
s 6m 30s
— Tm 05
[ = 7m 305
— 8m 05

0
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1'00um

SUB000 5 0KV & 6mm x40, 0K SE(U) 00 Wavenumber [em]

Figure 1. (a) SEM image of c-MIM. (b) FTIR reflection
spectra of c-MIM structures whose air/SiO; filling ratios are
varied using different ICP-RIE etching times.

4. Conclusions

We introduced the use of a double insulator c-MIM
structure wherein the filling ratio of the air and the SiO, at
the gap between the Au walls can tune the resonance fre-
quency of the c-MIM and efficiently guide the target mole-
cule to the enhanced electromagnetic field at the gap. Our
proposed design will be useful in creating highly sensitive
and robust c-MIM-based gas sensors.
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1. Introduction

Recent progress in the design and manufacturing of met-
al nanostructures has opened up new possibilities for gen-
erating and controlling localized electromagnetic fields and
adjustable spectral resonances. Notably, the recent intro-
duction of multispectral plasmonic nanoantennas has
demonstrated significant potential for various spectroscopic
applications, such as on-chip plasmon sensing of multiple
analytes, as well as simultaneous detection of fluorescence
and Raman signals in both the visible and infrared (IR)
spectral domains. Surface-enhanced infrared absorptions
(SEIRAS) can identify molecules of different chemical na-
ture by matching the plasmonic resonances with the molec-
ular-vibrational peaks. However, the metasurfaces with a
single resonance show a narrow resonance peak, which
cannot detect excitation wavelengths for a wide range of
molecular vibrations. Therefore, it is required to simulta-
neously measure different molecular vibrations. Our
presentation introduces IR metasurfaces with dual reso-
nances consisting of two different sizes, enabling compre-
hensive measurements of molecular vibrations beyond
conventional SEIRA devices with single resonance.

2. Results and Discussion

In our study, we primarily focused on the structure (5P) of
the upper right part of Figure 1(a), which is composed of
periodic large and small dot structures, as observed using
scanning electron microscopy (SEM). Figure 1(a) clearly
shows that the 5P structure exhibits two distinct reflection
peaks, which was close to the reflection peaks derived from
each sample with the large and small dot structures, respec-
tively. We performed FDTD simulations of a sample of the
5P structure placed in air in Figure 1(b). The electric fields
of the 5P structure at lower wavenumbers was similar to
that of small dot sample. Conversely, at higher wave-
numbers, the electric field of the 5P structure was matched
with that of the large dot sample. To validate the SEIRA
properties of the 5p structure, we spin-coated poly methyl
methacrylate (PMMA) with varying thicknesses on the 5P
structure surface. Figure 1(c) shows reflectance spectra of
the 5P structure after coating PMMA layers. Notably, dis-
tinct absorption peaks could be observed at around 3000
cm?and 1750 cm™. Herein, the C=0 stretching vibration
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Figure 1. (a) Experimental and (b) theoretical reflectance spectra of Au
dot structures with different patterns. Blue and red lines are the spectra of
dot structures consisting of a single size. A black line is the spectra of the
dot structure with two sizes. (c) Reflectance spectra after coating PMMA
layers with different thicknesses. (d) Differential spectra of CH,(CHs) and
(e ) C=0 related vibrations as a function of PMMA layer thickness.

exhibited a distorted profile deviating from the normal Lo-
rentzian shape. The peak distortion is related to an asym-
metric Fano profile, resulting from the strong interaction be-
tween the molecular dipole and plasmon modes. Moreover, we
also found a red-shift of resonant peaks with an increase in
PMMA layer thickness due to the higher refractive index (n
= 1.49) of PMMA than that of air (n = 1). It is not easy to
compare directly molecular-vibrational absorptions be-
tween the bare and PMMA-coated samples due to the
red-shift of resonant peaks. Therefore, we initially per-
formed a polynomial fitting on the PMMA spin-coated
sample, and utilized the following relation:
A = —log (R_PMMA/R Fitting) in order to clarify the mo-
lecular-vibrational absorptions. Figures 1(d) and 1(e) pre-
sent calculation results of the molecular-vibrational absorp-
tions of CH; (CHs) bond and C=0 bond, respectively. It
was evident that the absorptions of the C-H bond and C=0
bond became more pronounced as the PMMA thickness
increased. Additionally, the C=0 bond provided stronger
absorptions compared to the CH>(CHs) bond. This differ-
ence was due to that the SEIRA enhancement was inversely
proportional to the third power of the resonance frequency.
As a consequence, the resonant peak at 1750 cm* was well
described as compared with that at around 2800 cm™ relat-
ed to the CH(CHs) band.
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1. Background, Contents and Purpose

Surface phonon resonance (SPhR) is a phenomenon that occurs when the collective oscillations of atomic lattice are ex-
cited by external incident fields from the mid-infrared (MIR) range at the surface of a polar dielectric [1]. SPhR-related
phenomenon in the IR range is connected to surface-enhanced infrared absorption (SEIRA) toward spectroscopic measure-
ments through the coupling between the molecular vibrations and SPhRs, leading to biosensing devices with label-free mo-
lecular recognition for monitoring biological interactions [2]. The SPhRs of some classical phononic materials such as SiC,
h-BN, MoQOj3, and Al,O3 have higher Q-factors than those of plasmonic materials, however, the sensing of these materials is
limited to the target molecules. In contrast, this research focused on a well-known bioactive material, hydroxyapatite (HAp),
which actively interacts with the surrounding liquid environment resulting in the change of surface status. The environ-
ment-sensitive nature of surface phonons makes it possible to function as active optical probes, defining as “active SEIRA”.
In this work, Au microhole arrays were formed on HAp substrates to produce SPhRs confined in circular cavities. SPhRs in
the holes with different sizes were examined by IR-ellipsometry under s- and p-polarization light at changing incident angles.
The final purpose is to create HAp as a novel biosensing platform based on active-SEIRA for detecting the chemical change
of host surface dependent on environment (pH) and examining the affinity to polypeptides.

2. Results, Conclusions and Prospects

Figure 1(a) shows the optical images of Au microhole structures with different hole sizes (D =4 ~ 7 pm) in periodic 2D
square arrays. As shown in Figure 1(b), in the case of D below 7 pum, new dips appeared at around 1098 cm™ in the
Reststrahlen band (wro<w < wLo) as compared with the spectra of poly-HAp substrate. These new dips were identified to be
surface phonon polariton wave occurring at the air/HAp interface in the circular cavities defined by the walls of the Au holes.
These surface phonon modes, related to the PO, vibrations, were only excited under the p-polarization light. Additionally,
we also observed wide resonant dips at wavenumbers larger than wio , which were attributed to the circular slot antenna
resonance with cavity modes. The increase of the hole size led to a red-shift of the resonance dip. Before, SPhRs-related
studies were discussed on polar dielectrics such as SiC, GaN and BN. This is the first report to show SPhRs on the surface of
ceramic HAp with higher O-factors than many previous phononic materials. Figure 1(c) contains the reflectance spectrum of
the sample with D = 5 um under oblique incidence. The resonances became stronger as the incident angle increased and the
Q-factor could reach 162 at & = 50< The obtained results gave a strong proof that HAp had the potential to be one of candi-
dates as phononic materials and SEIRA platforms. Further, we’ll treat HAp by pH-controlled Tris-buffer solutions for clari-
fying the relationship between surface changes (charges, ions) and SPhRs. Moreover, we plan to examine the affinity of
polypeptides to host surface based on the active-SEIRA. In this case, we explore an effective way for screening high binding
peptides to HAp with no need for complex and time-consuming animal testing.
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Figure. 1. (a) Optical images of the microhole arrays (D =4 ~ 7 um) in Au film on HAp substrate. (b) Reflectance spectrum of Au micro-
hole films on HAp. The purple dotted line is the reflectance spectra of HAp substrate. The grey column indicates the Reststrahlen band
(1030 ~ 1120 cm™). (c) Reflectance spectrum of Au microhole film (D =5 um) on HAp substrate at different incident angles.
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1. Introduction

Ozone and ammonia gases detections are in strong demand among high-voltage equipment to avoid nitric acid corrosion.
An optical gas sensor has realized a low detectable concentration of 20 ppm butane with the aid of plasmon resonance at the
infrared wavelength.['! As ozone and ammonia have large absorption cross-sections at the deep-ultraviolet region, the achieve-
ment of low-concentration detection is expected. In this study, we designed, fabricated, and evaluated an optical gas sensor
using deep-ultraviolet plasmon resonance.

2. Results

Figure 1 shows a schematic drawing of the proposed plasmonic device for the gas sensor. A metasurface that consists of
vertically-aligned aluminum walls periodically arrayed in a 200 um square.? Figure 2 shows the simulated transmittance
spectra of the proposed device calculated using COMSOL Multiphysics 6.0 (COMSOL Inc., USA). Figure 2 shows that the
absorption peaks split back and forth as the incident light angle 6 increases. 8 is the angle from the z-axis in the y-z plane of
incident light in Figure 1. The sensor was fabricated on a 2-cm-square silica glass substrate through in six steps: Si sputtering,
electron beam lithography, Si etching, aluminum oblique deposition, aluminum etching, and Si etching. Electron microscopy
after oblique deposition of aluminum on Si pillars showed that the widths of the structures were about 20 to 40 nm larger than
the designed values. This indicates that excessive aluminum was deposited on the sidewalls of the Si pillars.

Figure 3 shows the measured transmittance spectra of the fabricated device with varying incident angles 6. As shown in
Figure 3, the absorption dips are obtained for every plot at 230-240 nm. It is considered that these dips are due to the incident
angle dependence of the plasmon resonance, as shown in Figure 2. However, the shapes and wavelength range of the dips in
Figure 3 are different from in Figure 2. we considered that the difference was caused by incomplete manufacturing.

3. Conclusions

We designed, fabricated, and evaluated a gas sensor element using deep-ultraviolet plasmon resonance. Next, the pro-
cessing conditions for oblique deposition will be optimized to improve the structural dimensions since excessive aluminum
was deposited in order to proceed to the gases detection experiments.
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Fig. 1 The proposed device Fig. 2 Simulation results of transmittance Fig. 3 Spectral analysis
at different incident angles at different incident angles
Acknowledgements

This research is supported in part by “Advanced Research Infrastructure for Materials and Nanotechnology in Japan (ARIM)” of the
Ministry of Education, Culture, Sports, Science and Technology (MEXT), in part by JST Adaptable and Seamless Technology transfer
Program through Target driven R&D (A STEP) Grant Number JPMJTM22BU.

References

[1]1D. S. Su, D. P. Tsai, T. J. Yen, and T. Tanaka, “Ultrasensitive and Selective Gas Sensor Based on a Channel Plasmonic Structure with an
Enormous Hot Spot Region,” ACS Sensors, vol. 4, no. 11, pp. 2900-2907 (2019).

[2] R. Watanabe, R. Matsuda, S. Ikezawa, K. Iwami, "Development of ozone and ammonia gas sensor using ultraviolet plasmon reso-
nance,” The 39th Symposium on Sensors, Micromachines and Applied Systems, 15P2-P-26 (2022) .

© 2023%F [CHAMEZS 04-029 4.1



The 84th JSAP Autumn Meeting 2023

3:30 PM - 4:00 PM (Tue. Sep 19, 2023 1:00 PM - 6:00 PM A602)
A [19p-A602-8] [JSAP-Optica Joint Symposia 2023 Invited Talk]

Nanoplasmonics for high-frequency rectification
ORemo Proietti Zaccaria' (1.ltalian Institute of Technology, Genova)
Keywords: nanoplasmonics

©The Japan Society of Applied Physics



19p-A602-9 HADSAMITLAKE LIRS AT HE (2023 BAHA—LEN32IS)

Thermal transport by surface phonon polaritons in SiN nanofilms
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Thermal conduction becomes less efficient as structures scale down into submicron sizes
due to the predominant phonon-boundary scattering that hinders phonons more efficiently
than Umklapp scattering. Recent studies indicated that this thermal performance reduction
could be avoided by using surface phonon-polaritons (SPhPs), which are evanescent
electromagnetic waves generated by the hybridization of optical phonons and photons. These
waves propagate along the surface of polar dielectric materials and could be heat carriers
capable of remarkably enhancing the thermal performance of micro- and nanoscale devices.
We experimentally observe the dominant heat contribution of SPhPs in SiN nanofilms

Figure 1 shows the measurement setup and thermal conductivity of four SiN
nanomembranes (thickness: 30-200 nm) at different temperatures ranging from 300 and 800 K.
The thermal conductivity of the membranes thinner than 50 nm increases with temperature,
as expected for the SPhP contribution, while that of a 200 nm-thick membrane decreases, in
agreement with the phonon counterpart (Fig. 1c). In general, the thermal conductivity
decreases as the temperature increases due to more frequent phonon-phonon scattering.
However, the two thinner membranes, i.e. 30 and 50 nm-thick membranes, become twice
more conductive when their temperature rises from 300 to 800 K [1]. This behavior represents
the fingerprints of SPhPs: much longer propagation length of SPhPs ~ mm, while the mean
free paths of phonons are below 100 nm [2]. The hybridization of phonons with photons

enables ultrafast thermal transport in such a system.
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Fig. 1. (a) Optical microscope image of the sample. (b) Thermal conductivity as a function of
temperature, for SiN membranes with different thicknesses. (c) Thermal conductivity
normalized by the value at room temperature.
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1. Introduction

Optical methods using lasers to extract thermal conductivities including frequency-domain thermoreflectance,
time-domain thermoreflectance, and laser flash methods require either pulse lasers or frequency modulated
lasers to heat samples. In contrast, we recently developed a thermal conductivity measurement scheme based
on quantitative phase microscope (QPM) where a heating laser can be a continuous (CW) laser. The use of
CW laser simplifies the optical system. Additionally, our method has an advantage to extract thermal
conductivity and thermo-optic coefficient (TOC) simultaneously. In terms of the fitting model of our method,
so far it was limited only for transparent substrate. In the current work, we experimentally show that with the
modified fitting model, our system can measure the thermal conductivity and TOC of a transparent film on a
transparent substrate. A measurement result for an indium gallium zinc oxide (1GZ0) thin film deposited on
a glass substrate is presented as an example.

2.  Method

The optical setup was identical to the one reported in [1] where a CW laser at 788 nm wavelength was used
for heating the sample. A 600-nm thick 1GZO was sputtered on a glass substrate, and an additional 50-nm
thick titanium nitride (TiN) thin film was sputtered on the 1IGZO where TiN acted as a surface heat source.
The phase difference was acquired by the Fourier transform and inverse Fourier transform from the collected
interferogram by subtracting the reconstructed phase of the heated and non-heated states. Then, a semi-
analytical model was built to model laser power-dependent phase shift of the sample. Since the glass thermal
conductivity, the glass substrate and thin film thickness and glass TOC were known, the fitting parameters
were reduced to thin film thermal conductivity and TOC.
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3. Results and discussion

The experimental and fitted phase differences for the 600-nm thick 1GZO are shown in Fig. 1. The result
shows a good agreement between the experimental and fitted phase differences. The fitting result gave 2.3
W/m/K and 3.3 x 10-° K for the IGZO thermal conductivity and TOC. From the reference, the IGZO thermal
conductivity is 1.4 W/m/K[2], indicating a reasonable agreement to our measured thermal conductivity. The
current work shows that our method is not limited to the determination of the substrate thermo-optic
properties but can be extended to thin-film thermo-optic characterization based on the revised fitting model.
Our method has the advantage of cost-effective thermal conductivities and TOC characterization compared
to other laser heating methods.
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Photonic crystal (PhC) cavities can be formed by depositing materials onto PhC waveguides post-
fabrication to modulate the local refractive index. Previous studies suggested that ultrahigh Q-factor
PhC cavities could be formed with a small local refractive index modulation of ~0.1% [1, 2]. However,
experimental attempts to create such cavities by depositing poly(methyl methacrylate) (PMMA) onto
GaAs PhC waveguides were unable to achieve ultrahigh Q cavities because of the thick polymer layer
[3]. Another approach of placing nanowires along the PhC waveguide to induce the formation of
nanocavities have also been reported [4, 5]. Alternatively, 2D materials with their atomically thin nature
represent a novel platform to realize the small refractive index modulation to induce high Q nanocavity
in a PhC waveguide. In this work, we report the observation of high Q-factor nanocavities formed by
placing atomically thin transition metal dichalcogenide (TMDC) flakes onto PhC waveguides.

We first performed finite element method (FEM) simulations and verified that even monolayer
TMDC flakes could induce the formation of nanocavities in silicon (Si) PhC waveguides, with
theoretical Q-factors of the order of 10°. We then transferred mono- to few-layered WSe; flakes onto
the Si PhC waveguides and successfully observed the formation cavity modes in the transmission
spectra (Fig. 1).
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Fig. 1 (a) Optical micrograph of a trilayer WSe, flake covering a part of the Si PhC waveguide. (b)
Transmission spectra showing the cavity mode with a Q-factor of the order of 10°.
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1. Introduction

Metallic nanostructure enhances the field intensity of in-
cident light by several orders of magnitude on the surface.
The enhanced field can be utilized as e.g., highly sensitive
sensor, driving force of chemical reactions, etc., which are
never achieved with only light irradiation. For those applica-
tions, it is necessary to match the resonance of the nanostruc-
tures with excitation wavelength of used light source. The
resonance wavelength depends on the size, surrounding me-
dia, and geometry. Thus, a wide variety of methods have
been developed to control geometries of the nanostructures.
Among the geometries, dumbbell structure allows us to tune
the resonance widely from visible to near-infrared (NIR) re-
gion. The resonance wavelength is determined by the thick-
ness of the center handle [1]. However, it is still challenging
to control the thickness of the handle on nanoscale.

We have been studying chemical reactions induced by
light localized at the surface of metallic nanoparticle. The
localized light enables the induce the reaction not only or-
ganic molecules but also metal ions, in other words, reduc-
tions. By utilizing reduction, gold nanobridges can be fabri-
cated at the gaps between gold nanoparticles (AuNPs) where
intense electric fields are formed to drive the metal ion re-
ductions. In this talk, I will discuss application of the local-
ized light-induced metal ion reductions to metal nanofabri-
cation, where AuNP oligomers were linked via gold bridges
generated from gold ion reduction induced by light localized
at the gaps and the thickness of the handle was controlled by
the time of illumination.

2. Experiments & Results

AuNP oligomers such as the dimer were prepared by add-
ing NaCl and ethanol to the monomer aqueous solution. In
order to link AuNP oligomers by ion reduction, NaAuCla,
which is the gold ion source, was added to the solution and
the solution was illuminated with fluorescent light. The op-
tical property of linked AuNPs was evaluated by measuring
the extinction spectra. The geometry of illuminated AuNP
oligomers were directory observed and the linkages were
confirmed with transmission electron microscope (TEM).

Fig. 1(a) shows the extinction spectra of the oligomer so-
lution with different illumination times. The extinction in the
near-infrared (NIR) region increases with continuous of the
illumination. On the other hand, the peak at ~ 300 nm which
was derived from the absorption of AuCls (gold ions) de-
creased, indicating that gold ions were consumed due to the

reduction under the light illumination. Fig. 1(b) shows TEM

images of AuNP dimer before and after the light illumination.

While a spatial gap was observed between AuNPs before the
illumination, the gap was filled with gold after the illumina-
tion. It indicated that the AuNP dimer was linked via the gold
bridge, which was measured by an energy dispersive X-ray
spectroscopy, formed by the reduction of gold ions. From
those experimental results, it was considered that the linkage
of AuNP oligomers led to resonance shift to NIR region.
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Figure 1(a) Extinction spectfa 6f illuminated AuNP oligomer
solution containing gold ions with different illumination
time. (b) TEM images of AuNP dimers before and after light

illumination for 4 hours.

3. Conclusions
We successfully fabricated gold nanobridges and linked
AuNPs by using localized light-induced gold ion reductions.
This concept to deposit the metal with a few nanometers in
length on the surface of metal nanoparticles by the nanopho-
nonics approach might be useful to finer control the geome-
try of metal nanostructures.
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1. Introduction

A material system with the electromagnetic duality sym-
metry responds symmetrically to electric and magnetic
fields. Such “dual” system can preserve the helicity of the
incident field, i.e., preserve the handedness of circularly
polarized incident light (helicity). Helicity preserving
nanostructures and metasurfaces have been recently at-
tracting much attentions because they can enhance optical
responses of chiral molecules. In general, the resonant
nanostructures are “non-dual” and the scattered light does
not preserve the helicity of the incident circularly polarized
light (Figure 1a). On the other hand, if the incident light is
right-handed circular polarization (RCP), the scattered light
by “dual” nanoparticles is RCP to all directions (Figure 1b).
This is achieved only when a particle responds equally to
electric and magnetic fields, which is not the case in natural
materials at the optical frequency.

In this work, we present silicon (Si) nanoparticles with
Mie resonances can be “dual” nanoparticles. When the na-
noparticle exhibits the helicity-preserving scattering, the
local chiral fields around the constituent nanoparticles are
strongly enhanced, which improves the sensitivity of chiral
molecular sensing. We experimentally demonstrate that a
solution of Si nanospheres with electric and magnetic Mie
resonances can be “dual” at the Kerker condition.[!!

2. Results

Solutions of crystalline Si nanospheres with narrow size
distributions are prepared by a method previously reported
by our group.?3 Figure 1c shows the photos of the solu-
tions and a TEM image of the representative sample. We
can see the colored solutions due to the Mie resonance of
the Si nanospheres with different sizes. The TEM image
demonstrates the spherical and monodisperse Si nano-
spheres in the sample. To measure the helicity of the scat-
tered light, the nanoparticle solution is illuminated by RCP
broadband light. Light scattered to the normal direction is
sent to a spectrometer and the polarization is resolved by a
quarter wave plate and a linear polarizer to measure the
intensities of the RCP and left-handed circular polarization
(LCP) components of scattered light. The degree of circular
polarization that is equivalent to the helicity density™! are
obtained for different wavelengths.

Figure 1d shows the measured and calculated helicity
density spectra of gold (Au) nanosphere solution (Dave =
89.0 nm, ¢ = 9.9 nm) as a reference. The helicity density is
nearly zero in the whole wavelength range. This means that
the scattered light by Au nanospheres does not preserve the
helicity, i.e., “non-dual”. On the other hand, the helicity

density of the Si nanospheres in Figure 1e depends on the
wavelength. The helicity density is 0.70 (dual), at 685 nm
that corresponds to the Kerker condition for electric and
magnetic dipole Mie resonances. This means that 85% of
the helicity of incident photons are preserved.

(a) Non-dual nanoparticles (b) Dual nanoparticles

(c) Colloidal Si nanoparticles
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Figure 1. Schematic illustrations of scattering by (a) non-dual and
(b) dual nanoparticles. (c) Photos of solutions of Si nanospheres
with different diameters. TEM image of Si nanospheres is also
shown. Measured and calculated helicity density spectra of solu-
tions of (d) Au nanospheres and (e) Si nanosphere solution.

3. Conclusions

We have shown that a colloidal suspension of Si nano-
spheres can be a “dual” metafluid that preserves the helicity
of incident light at the Kerker conditions. The “dual” na-
noparticles can enhance the chiral near-fields in the solu-
tion, which may enhance the sensitivity of chiral sensing.
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1. Introduction

High index dielectric nanoantennas can localize light
into very small space by Mie resonances and enhance the
light-matter interactions. Until now, the most studied die-
lectric material for a nanoantenna is silicon (Si) because of
the high refractive index (n > 3.5) in the visible to NIR
range and the low extinction coefficient in the red to near
infrared (NIR) range. However, the extinction coefficient of
Si increases at shorter wavelength, in particular below 600
nm. This limits the performance of a nanoantenna in the
short wavelength range. An alternative material of a nano-
antenna operating in a short wavelength range is gallium
phosphide (GaP). It has a moderately high refractive index
(n > 3) and a small extinction coefficient because of the
much larger indirect band gap 2.26 eV (~550 nm) than that
of Si (1.12 eV) [1]. However, research on GaP nanoantenna
is very scarce. For example, a spherical GaP nanoparticle
(NP) has not been developed and the antenna performance
has not been studied.

In this work, we develop colloidal solution of spherical
GaP NP nanoantennas operating below 600 nm. We pro-
duce spherical GaP NPs by the combination of mechanical
milling and a pulsed laser melting in liquid process. We
conduct the single particle scattering spectroscopy and re-
veal that the NPs exhibit size tunable Mie resonances in the
visible range [2].

2. Sample preparation

Ball milling and pulsed laser melting in liquid (PLML)
processes are combined for the fabrication of spherical GaP
NPs. Figure 1 shows a schematic of the preparation proce-
dure. First, GaP NPs with an irregular shape and the sizes
of < 1 um are prepared by planetary ball milling for 30 min
at 800 rpm. Then, the NPs are dispersed in acetone with the
concentration of 1 mg/mL, and the solution was the subject
to the PLML process. In the PLML process, particles are
heated in a liquid by pulsed laser irradiation, converted to
melt droplets, and then instantaneously cooled by a sur-
rounding medium. For the PLML process, we use the third
harmonics of pulsed Nd:YAG laser (5 ns pulse duration, 20
Hz repetition), and the particles are irradiated for 1 min
with a laser fluence of 63 mJ-pulse™'-cm™.

- 09

) » o e o >
e LA
: P | °Q

Ball milling PLML

Figure 1. Schematic of preparation procedure of GaP NPs.

3. Results and discussion

Figure 2a shows SEM images of GaP NPs with diame-
ters from 310 to 174 nm after PLML process. Figure 2b
show measured scattering spectra of corresponding single
GaP NPs. Calculated scattering spectra of spherical GaP
NPs with the same diameters are shown in Figure 2c. The
NPs have smooth surface and almost spherical shape.
Measured scattering spectra have distinctive peaks and
comparison between measured and calculated spectra al-
lows us to assign the peaks to different Mie modes. The
smallest NP (D = 174 nm) supports the lowest-order Mie
resonances, magnetic and electric dipole (MD, ED) modes,
while the largest NP (D = 310 nm) supports the high-
er-order Mie resonances up to magnetic octupole (MO) and
radial higher-order magnetic quadrupole (MQ?) modes in
the visible range. The GaP NPs have distinctive Mie reso-
nances below 600 nm. For example, the distinctive MQ
peak is seen at 450 nm in a 191 nm GaP NP (blue curve).
Also, the EQ peak is observed at 480 nm for a 230 nm GaP
NP. This suggests the nanoantenna with size tunable Mie
resonances operation at the short wavelength range.
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Figure 2. (a) SEM images of GaP NPs. Scale bars are 200

nm. (b,c) Measured (b) and calculated (c) scattering spectra
of corresponding GaP NPs.

gc

In the presentation, we report the Mie resonances sup-
ported by GaP NPs by comparing with that of Si NPs and
demonstrate Purcell enhancement of dye molecules by GaP
NPs.
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1. Introduction

Recently, electronic devices with stretchable features
have received much attention because of the huge promises
of strain sensors for human motion monitoring. Flexible
strain sensors can monitor large mechanical deformations
exceeding commercial electric strain sensors. Similarity,
the mechanical method is known as one of external field
control of SPRs, which provides an alternative while prom-
ising approach for mechano-plasmonic devices.

In this work, we aim to investigate operating mechanism,
strain sensing activities and demonstration of stretchable
strain sensors by human motion monitoring. Our group has
implemented the structural and chemical control of the
plasmonic properties of assembled films of Sn-doped 1n,03
nanoparticles (ITO-NP films). Herein, we propose mechan-
ical applications as dynamic control of plasmonic proper-
ties of the ITO-NP films for optical strain sensing tech-
niques. In particularly, the ITO-NP films show highly reso-
nant reflections in the IR range as consequences of optical
properties as metamaterials, which are used as optical
probes of strain detection. We report the challenges in the
use of flexible skin-mountable and wearable sensors as the
potential applications of flexible strain sensors using the
SPRs of ITO-NP films.

2. Results and Discussion

Figure 1(a) shows reflectance spectra of the NP film
placed on a PDMS substrate sheet measured under different
applied strains (&) from 0 to 50%. The total reflectance
gradually decreased with an increase in applied strain,
which was observed following with blueshifts of two reso-
nances (peaks | and Il). Herein, the electrical field of the
incident light was parallel to the loading direction [inset of
Figure 1(b))]. Reflectance changes at peaks | and Il exhib-
ited linear manners, relating to the strain - stress relations
generated in the strained NP film. In addition, we observed
optical anisotropy in reflectance change of the strained NP
film, suggesting formation of anisotropic surface morphol-
ogies in the strained NP film. Actually, the anisotropic
fragment structures were observed by high-resolution opti-
cal microscopy [Figures 1(c) and 1(d)]. The fragments
played a key role in determining the optical properties.

Next, we demonstrated the flexibility of the optical strain

sensor as a wearable device. Finger movement is a repre-
sentative portion of wearable strain measurements. We at-
tached the NP film to the joint part of the index finger using
a glove with an adhesive tape to monitor human motion in
real time. The spectral changes of the NP film were ob-
served at different finger-bending angles [Figures 2(a) -
2(c)]. Figure 2(d) shows the reflectance spectra of the NP
film as a function of the bending angle (&) measured by
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Figure .1 (a) Reflectance spectra as a function of applied strain. (b) Re-
flectance changes in resonant peaks | and 1l as a function of applied strain.
(c) Optical surface image and histogram of fragment sizes of the NP film
under an applied strain of 50%.
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Figure 2. Images of the bending angles () of the index finger at (a) 0°,
(b) 50°, and (c) 75°. (d) Reflectance spectra of the ITO NP film at different
bending angles. (e) Relationship between the change in reflectance and
von Mises stress as a function of the bending angle. Inset represents a
simulated von Mises stress image on the joint part of the index finger at a
bending angle of 75°.

placing the index finger. As the bending angle increased
from 0° to 75°, the reflectance gradually decreased with a
peak shift to the region with a shorter wavelength, relating
to an increase in mechanical deformation. This spectral
change was related to the stress distribution on the finger.
The correlation between the stress and reflectance revealed
that the NP film could detect the mechanical deformation of
a human motion such as finger flexion.
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Tuning optical properties using nanophotonics and plasmonics has attracted significant attention across
various fields. Different fabrication methods, including top-down and bottom-up approaches, have been
utilized to create diverse nanostructures. Each method has its own advantages and disadvantages. In this
study, we present novel nanostructures and recently discovered methods.

For instance, we achieved wide wavelength tuning and obtained full colors using random
nanohemisphere-on-mirror (NHoM) structures [1]. These structures enabled full coverage of the standard
RGB color space and exhibited color quality comparable to periodic structures. NHoM structures also
demonstrated improved sensor performance and successful colorimetric sensing with protein drops [2].
Moreover, we successfully controlled resonance spectra in the deep ultraviolet (UV) [3, 4] and
near-infrared (IR) [5] regions using similar random structures. The flexibility in tuning optical properties
holds great promise for the advancement of plasmonics and nanophotonics. Additionally, we discovered
that heat treatments can significantly enhance the optical properties of Au and Ag nano-disks fabricated
using electron beam lithography [6]. By manipulating the temperature, we can easily adjust the resonance
wavelength. This simple and effective method allows for flexible tuning of plasmonic properties and opens
up a wide range of potential applications.

One futuristic application of plasmonics is the development of high-efficiency light-emitting
diodes (LEDs). In our research, we propose a new method to enhance the emission efficiencies of
InGaN/GaN by depositing dielectric thin films between GaN and metal nanostructures [7]. Furthermore, we
introduce a novel approach that utilizes dielectric thin films instead of metals, combined with UV laser
irradiation [8]. This advancement simplifies the application to LED devices without the need for
specialized light extraction structures. These breakthroughs pave the way for highly advanced
light-emitting devices, including highly efficient RGB LEDs and micro-LED displays.

The author would like to express gratitude to Prof. T. Matsuyama and Prof. K. Wada (Osaka
Metro. Univ.), Prof. K. Tamada (Kyushu Univ.), Prof. M. Terazima, Prof. M. Funato, and Prof. Y.
Kawakami, (Kyoto Univ.) for their valuable discussions and support. This work has been supported by the
JSPS Grants-in-Aid for Specially Promoted Research (No. JP20H05622) and Scientific Research (S) (No.
JP19H05627), as well as exploratory research (No. JP21K19218).
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1. Introduction

Structural colors produced by metamaterials have at-
tracted huge interest due to their use in color printing [1],
chromatic display [2] and optical encryption [3]. The dynam-
ical color tunability can be achieved by using phase change
material (PCM) in the metamaterial design. Ge,Sb,Tes
(GST) is a PCM that shows a large contrast in its dielectric
permittivity upon phase transformation. Here, we present a
generation of structural color using GST based tunable re-
flective metamaterial. By changing the crystallization of
GST, many colors can be generated. Further, high resolution
wide color gamut is obtained by varying the geometrical pa-
rameters of the metamaterials design. The results show a
promising route to achieve a dynamically tunable color filter
using a phase change material.

2. Design and Results

The schematic diagram of the tunable color filter is
shown in Figure 1(a). On top of the Aluminum metal sub-
strate a thin film ALO; is deposited. GST square gratings
with a specific period (Px and Py) and side length of
ax=Fx*P,/100 and a,=F,*P,/100 are deposited on top of the
Al>O;s. Here, Fx and Fy are the fill fraction of square grating.
The thickness of Al is chosen as 100 nm. Self developed

b} 10

—— Amorphous (m = 0.0)
—— Crystalline {m=1.0)
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Figure 1: a) Schematics of GST based tunable color filter. b)
The reflectance spectrum of the color filter for different crystalli-
zation fraction of GST
MATLAB code of Rigorous Coupled Wave analysis
(RCWA) is used to solve the electromagnetic fields [4]. The
refractive index of GST in both phases is obtained from pre-
vious experimental results [5]. The effective permittivity of
GST in mixed phase can be written as [6]
€err(M) — 1 o e -1 e, -1
s M+2 e +2 ) +2
Here m is the crystallization fraction of GST in the range
0tol, €,(1) and €.(A) is the permittivity of GST in
amorphous and crystalline phase, respectively. The reflec-
tance spectra for both phases of GST are obtained by nor-
mally incident plane waves from 400 nm to 780 nm and is
shown in Figure 1(b). The geometrical parameters are Fy =

+(1—-m)Xx

Fy = 75%, Py = Py = 250 nm, t; = 15 nm, t; = 200 nm. By
varying m from O to 1 the reflectance minimum gradually
blue shifts to smaller wavelength. The inset in Figure 1(b)
shows the corresponding colors generated for various crys-
tallization fraction of GST. A maximum color difference
AEs00 of 31.9 is observed with complete phase transfor-
mation.
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Figure 2: a) Color Pallet produced by the GST in both the phases

with a period and fill fraction of 250 nm and 75%, respectively. b)

All colors produced by the metamaterial plotted in CIE chromatic-
ity diagram

Further, more colors can be generated by varying the ge-

ometrical parameters such as the thickness of GST and AL,O3.

Figure 2 shows the colors produced by varying the thickness
of GST from 5 nm to 25 nm and Al,O3 from 100 nm to 200
nm while the period and fill fraction are fixed at 250 nm and
75%, respectively. It is observed that the increase in ALOs3
thickness changes the hue of color generated while the in-
crease in GST thickness leads to the decrease in saturation.
Figure 2(b) show the CIE chromaticity diagram of all the
colors produced in both the phases of GST. Overall, we gen-
erated 110 colors by changing the phase, thickness of GST,
and A1203.

3. Conclusions

In conclusion, the proposed tunable structural color filter
shows a wide color gamut and can be dynamically tuned by
varying the phase of GST. Further, by changing the thickness
of GST and Al,O3; we could generate a large number of color
with different hue and saturation. Thus, the proposed color
filter could be utilized in image encryption, anti-counterfeit-
ing, and dynamic displays.
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1. Introduction

Atomically thin Two-dimensional (2D) transition-
metal dichalcogenides (TMDCs), such as WS,, have
emerged over the past few years for their unique
optical and transport features in optoelectronic and
photonic  applications[1,2].  Nevertheless, their
ultrathin thickness results in weak optical absorption
[3]. To accomplish strong light absorption, a
dielectric-based metasurface based on Mie resonance
and degenerate critical coupling can realize
superimposed modes enhancement effects on WS;[4].

Here, we achieve a huge absorption increase of
WS, with an all-dielectric metasurface, when peaks
of electric and magnetic dipole (ED and MD) modes
of metasurface overlaps in the wavelength near the
peak related to excitonic transitions in monolayer
WS,.

2. Results and Discussion

First, we study the optical spectrum of Mie
resonator metasurface substrate. Figure 1a shows the
structure design of WS; on the metasurface. Among
them, the Mie metasurface is comprised by Mie
resonator arrays with period d, radius r, and thickness
h. Figure 1b shows the calculated absorption spectral
map of Si Mie resonators with h = 55-115 nm. ED
and MD modes increase as h increases, while the MD
mode experienced a larger red shift compared to the
ED mode. An overlap of two modes shows when h =
89 nm.

In Figure 1c, when ED and MD modes overlap,
simulated absorption of WS; on the metasurface
shows a huge excitonic peak of “A” compared with
absorption of individual metasurface. Without
background, the absorption of WS; is increased by
about 68% compared with WS, on Si substrate as
shown in Figure 1d. At the same time, the 9 nm red
shift of the absorption peak shows that the absorption
enhancement of WS; is related to the influences of
Mie resonator modes on the energy band structure of
WS,.

3. Conclusions

The absorption of WS; monolayer as high as 0.73
is achieved with a red shift of 9 nm. This architecture
could be used in the future as a highly efficient
tunable single-color photodetector. Moreover, the
suggested dielectric metasurface holds promise for
semiconductor 2D materials in visible wavelength.
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Figure 1. (@) Schematic illustration for WS; on Si
metasurface, which is constituted by Si Mie resonator
arrays. (b) Absorption spectral map of Si Mie
resonators with change of thickness h. Among them,
d = 334 nm and r = 112 nm. (c) Absorption for
metasurface with h = 89 nm, d = 334 nm and r = 112
nm (black line), and WS, on the metasurface (red
line). (d) Absorption without background for WS; on
Si substrate (black line) and metasurface in (c) (red
line).
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1. Introduction

Nowadays, metal nanoparticles (NPs) are particularly very
promising and intriguing in research and technology be-
cause of their quantum confinement effect, easy manufac-
turing, low-cost, controllable synthesis, and more effective
charge transport [1]. These nanostructures are utilized to
develop a device such as gas sensors, solar cells, photode-
tectors, and LEDs. The surface plasmon resonance wave-
length of the metal NPs can be tailored to certain spectral
areas by modifying their size, shape, and surrounding die-
lectric medium [2]. The energy of incident light below the
semiconductor's bandgap energy can be detected using an
internal photoemission Schottky barrier photodetector de-
veloped at the interface of a metal and semiconductor.[3]
The interface between deposited metal and the semicon-
ductor surface plays a significant role in determining the
quality of a Schottky contact. As the annealing temperature
rises, several aspects of the interface alter. In this report,
Au-NPs /n-Si-based Schottky photodetector is fabricated by
depositing Au-nanoparticle thin film on a Si substrate at
different substrate temperatures using a pulsed laser depo-
sition technique. The Au NPs/ n-Si photodetector shows
good responsivity of 1.095 A/W under the illumination of a
735nm wavelength LED source.

2. Design and Results

Using the PLD technique, gold nanoparticle thin films were
formed on cleaned n-type silicon substrates. All the sub-
strates were ultrasonically cleaned with acetone, ethanol,
and de-ionized water in that order, taking 3 min for each
step with the final cleaning step in diluted HF: H,O (1:10)
solution for the 30s for Si0, layer removal. The third har-

monic of the Nd: YAG laser, operating at a wavelength of
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Figure 1: a) Reflectance spectra and b) responsivity of Au/n-Si
photodetector
355nm, with a pulse repetition rate of 10 Hz and pulse
width of 8 ns, was utilized to ablate the gold target after the
PLD chamber was evacuated to a base pressure of 1.5x

107° mTorr. The distance between the target and substrate
is fixed at 3.5 cm for deposition, the number of laser shots
is 300, and the energy was 70 mJ/Pulse. Gold thin films
were grown at different substrate temperatures (Room
Temperature(RT)-600°C) in steps of 100°C and
post-annealed at the same temperature for 30 minutes.
Thermal evaporation was used to create a 100 nm thick
silver bottom electrode on the Si, and finger-shaped sil-
ver contacts were implanted on top of the Au nanoparticle
thin films to serve as an upper electrode.

Fig 1(a) shows the reflectance spectra of the thin gold
films, which were deposited on an n-Si substrate at differ-
ent substrate and annealing temperatures. The minimum
reflectance is obtained when the annealing temperature is
300°C. As the substrate temperature increases at first, re-
flectance decreases, and after 300°C, it increases.

The ratio of the photogenerated current (1,,;,) to the in-

cident light power (P;,,) is known as the device's responsiv-
ity (R). The response is characterized as [4]

R= o _  lLiw—laark
Pin Pin

Where [;q. is the dark current, [;;;,, is the photogener-
ated current, and P;,, is the incident power of light. In Fig
1(b), we obtained the maximum photo response for a sam-
ple deposited at 300°C. There is minimum reflectance for
the 300°C deposited sample showing particles of different
sizes that can absorb a broad part of light spectra. and the
dark current for this device is also very low 0.2mA. The
responsivity of the Au NPs/n- Si Schottky diode exhibits
maximum responsivity of 1.095 A/W at 300°C substrate
and annealing temperature at +5V under 735nm light illu-
mination.
3. Conclusions

Au nanoparticle thin film is deposited on quartz and
n-type silicon wafer at different temperatures
(100°C-600°C) in steps of 100°C by PLD. The Reflectance
spectra show minimum reflectance when the annealing
temperature is 300°C. Schottky diode based on Au
NPs/n-Si exhibits maximum responsivity of 1.095 A/W at
300°C substrate and annealing temperature at +5V under
730nm light illumination.
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1. Abstract

Near-field intensity enhancement due to the plasmonic
response of nanoparticles is investigated with the Mie the-
ory and multipole expansion for an aberrated focusing sys-
tem. Spherical aberration and defocusing are considered as
an aberration in the focusing system.

2. Introduction

When a focused beam scatters through a nanoparticle
(NP), an enhancement in intensity is observed in the
near-field due to the plasmonic properties of the NP [1]. An
aplanatic lens system of high numerical aperture is used to
make a tight focal spot. An optical system having aberra-
tion is a common problem which affects the shape and size
of the beam at the focus [2].
A tight focus of a linearly polarized beam is considered for
illuminating a plasmon active silver NP of 50nm radius in a
dielectric media glass having refractive index (N, =1.52).

The expansion coefficient defining the incident and scat-
tered field using Mie theory, for an aberrated system, is
expressed as

N _inkfel Eq(2n+1) “eikW(p)\/m

2n’(n+1)% Jo
1 1
- Pn(_cose)erPn(cose) singdo (1)
sin@ deo

where n is the multipole order, K is the wave number,
f is the focal length of the lens, Ej is the amplitude of

field, and P,} (cos®) is associated Legendre polynomial.
The angular semiaperture of the lens is o =60° .
Wave aberration is represented as W(p) = A p4 +Ay p2

where p=sind/sina. Ay and Ay are the coefficients

of spherical aberration and defocusing in wavelength units.
To reduce the effect of aberration, a balancing condition
Ay =—A isintroduced. The average radial (K, ) and tan-

gential ( K;) intensity enhancement is expressed as [1]
9 O A P and(n+®
" le(ka)t S| AR 20+l
[| an |2| Xn |2 +lwn |2 _ZRe{anZn}‘//n] ()
9 O A P 2n?(n+1)?
"6k S AR 20+l

2, "2 2 2 2 "2
lan 17l an 17 +100 19l 20 I© +lwn 7+ 2 |
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where a,, b, are the scattering coefficients, y,, v
are the Riccati-Bessel functions, y,,, and y,, are the re-
spective derivatives [4].

3)

3. Result

Average radial and tangential intensity enhancement
are presented in Fig 1(a), (b) respectively with respect to
wavelength of incident light ranging from 300nm to 900nm
for different strengths of aberration.

18 7
6 (@) — A;=0.0,A;=0.0 (b) — A=0.0,A,=00
— A,=0.5, A4=0.0 — A,=0.5, Ag=0.0

As=0.5, Ag=-As As=0.5, Ad=-As

Fig 1: Average (a) radial, (b) tangential intensity enhancement for
a silver NP without aberration (blue curve), with aberration (red
curve), and with defocusing to balance aberration (dashed green)
with respect to wavelength.

4. Conclusion

The effects of spherical aberration and defocusing on
the plasmon excited near-field intensity are numerically
examined. An increase in the near-field intensity is ob-
served due to the presence of spherical aberration.
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Video-rate Spectral Imaging Chip based on Metasurfaces
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Spectral imaging extends the concept of traditional color cameras to capture images across multiple
spectral channels, and is widely used in many fields such as remote sensing, precision agriculture,
biomedicine, environmental monitoring and astronomy. Conventional spectral cameras based on scanning

methods suffer from low acquisition speed, large volume and high cost.

On-chip spectral imaging based on broadband modulation of metasurfaces and computational spectral
reconstruction provides a promising scheme for the realization of consumer portable spectral cameras. In
this work, a ultraspectral imaging chip is demonstrated based on freeform shaped metasurfaces'?.
Benefiting from the capability of multiplexing and reconfiguration of the metasurface supercell, the chip
has an overall size of only 0.5 cm? with integrating more than 150,000 micro-spectrometers. The spectral
imaging chip operates in the visible band of 450-750 nm, and the resolution of double peaks is as high as
0.5 nm. Using this real-time ultraspectral imaging chips, the dynamic changes of the characteristic
spectrum of hemoglobin and its derivatives in the vivo rat brain were measured 1. This technology can be
further used to derive the activity of neurons in the brain through the mechanism of neurovascular coupling.
Furthermore, rapid spectral imaging was realized for the driving scene combining deep unfolded neural
network with a video-rate of 36 frames per second, which is expected to solve the problem of metamerism
recognition in the automatic driving scene. These results show great potential in applications such as

machine vision, industrial process control and other fields of real-time sensing.
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Figure Spectral imaging chip based on metasurfaces and the brain spectral image of a vivo rat.

[1] Xiong, J. etal., Optica 9, 461-468 (2022)
[2] Yang, J. et al., Laser & Photonics Reviews 16, 2100663 (2022)
[3] Yang,J. etal., Chip, 100045, (2023)
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Low temperature annealing for vanadium dioxide in photonic integrated circuits
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Abstract: We show at the annealing temperature of vanadium dioxide (VO,) fabricated using atomic
layer deposition can be suppressed to 300 °C, significantly improving the compatibility of VO, with
photonic integrated circuits.

The solid-state phase transition of VO occurs at approximately 68 °C, significantly lower than
other phase transition materials and phase change materials. This phase transition can be trigger by
various external stimuli [1], and it is accompanied with a large change in the material’s optical
properties. These factors have made VO, a very attractive materials for optical and optoelectronic data
processing. For example, we have recently numerically demonstrated that a VO,-based microring
resonator can mimic the classical conditioning observed in biology. For these emerging thin film- or
nanostructure-based applications, atomic layer deposition is frequently the method of choice.
Nevertheless, as-deposited VO thin films are amorphous and require high-temperature annealing, a
process that is often incompatible with photonic integrated circuits. In this work, we show that
high-quality VO, thin films can be obtained with a low annealing temperature of 300 °C. This
temperature can be tolerated by most photonic integrated circuits, and represents an important

technical step in the development of VO,-based computing circuits.
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Fig. 1. Properties of a VO: thin film. The film was deposited using atomic layer deposition, and then annealed
under an oxygen pressure of 2.5 Torr for 3 hours at 300 °C. (a) The reflection of the thin film shows a large
contrast between the insulating phase (20 °C) and the metallic phase (110 °C). (b) Its Raman spectrum also
shows pronounced VO: peaks that align with a reference sample.
References: [1] H. Takeya ef. al., “Bolometric photodetection using plasmon-assisted resistivity change in vanadium
dioxide,” Scientific Reports 8, 12764 (2018). [2] K. Sun et. al., “Room Temperature Phase Transition of W-Doped VO:2 by

Atomic Layer Deposition on 200 mm Si Wafers and Flexible Substrates,” Advanced Optical Materials 10, 2201326 (2022).
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Hybrid silicon all-optical switching devices integrated with
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Silicon photonics has garnered attention as a platform for photonic integrated circuits (PICs), which
monolithically integrates electronic and photonic devices in a same chip. On-chip all-optical switching is an
essential component for the PICs. Fast and energy efficient all-optical switches based on microcavites have
been demonstrated, and currently, the performance is limited by the substrate material which is silicon [1].
The use of III-V semiconductors [2] and organic molecules [3] as substrate materials has circumvented this
limitation and high-performance switching has been reported, however the inability to fabricate directly on
silicon substrates is a major problem in various aspects such as monolithic on-chip integration and cost

reduction.

Here we propose hybrid all-optical switching devices that combine silicon nanocavities and two-
dimensional semiconductor materials. By exploiting the refractive index modulation caused by photo-
induced carriers in the two-dimensional material instead of the silicon substrate, we have overcome the limit
of switching speed restricted by the carrier lifetime of silicon. Air-mode photonic crystal nanobeam cavities
capable of efficient interaction with two-dimensional materials are fabricated [4], and molybdenum
ditelluride, a two-dimensional material with a rapid carrier recombination, is transferred onto the cavities. A
thin molybdenum ditelluride flake loaded on a cavity is excited by an optical control pulse to shift the resonant
wavelength of the cavity for switching operation. We have successfully implemented a high-speed (~30 ps)
all-optical switching with low-excitation energy (~500 fJ). The switching speed has improved by
approximately 10? times compared to devices without two-dimensional materials.

This work is supported in part by JSPS (KAKENHI JP22K 14624, JP22K 14625, JP20H02558, JP23H00262,

JP20K 15199, JP20J00817), and MEXT (ARIM JPMXP1222UT1137). N.F. is supported by RIKEN Special
Postdoctoral Researcher Program.
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1. Introduction

Miniaturized, tunable, on-chip lasers are crucial to
developing photonic integrated circuits (PICs). Microrings,
a common integrable laser, often exhibit multi-mode
propagation that leads to unstable lasing. Researchers have
integrated azimuthal gratings onto microrings to improve
performance to realize single-mode lasing [1]. However,
microring lasers with active semiconductor cores face
challenges related to design flexibility and the need for
precision in fabrication. We introduce a hybrid-cavity
grating-integrated lasers, incorporating a SizN4 microring
and active polymeric cladding. This design simplifies
fabrication and provides flexible gain choices for diverse
wavelength lasing. The issue is the complexity of the mode
due to the broad distribution of the active cladding. We
demonstrate the generation and selection of radial modes
from the grating diffraction at the inner active cladding.
And the radial mode is partly coupled with whispering
gallery modes (WGMs) propagating in the microring.
2. Methods

meets the Bragg condition will be selected for DFB grating
[2]. The spectra of Fig. 2(c) encompass two groups of
modes, characterized by a free spectrum range of 1.72 nm
and 1.15 nm, which are assigned to radial modes and
WGMs, marked in red and green, respectively. For Fig.
2(d), the radial mode is modified by the diffraction grating,
lasing along the stop band centered with the Bragg
wavelength, and is partly coupled to the WGMs (coupling
mode is marked in purple). That suggests a selection of
radial mode from the grating diffraction.
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Fig.1 Structure and parameters of the microlaser.

3. Results and discussions

Figure 2(a) presents the excitation image of the
microlaser, and Fig. 2(b) magnifies the diffraction pattern
taken from Fig. 2 (a) after applying the Laplacian Gaussian
filter. The grating is interpreted as a composite of
second-order distributed feedback (DFB) grating segments.
The radial diffraction generates and selects the radial mode
at the inner active cladding as only the wavelength that

Wavelength (nm) Wavelength (nm)

Fig.2 (a) excitation image of dg -25 nm, (b) diffraction pattern
enlarged from (a) after the Laplacian Gaussian filter, (c)
spectra of the microlaser with dg -5 nm, and (d) spectra of the
microlaser with dg -25 nm.

4. Conclusion
We have successfully fabricated active cladding grat-

ing-integrated microring lasers. We demonstrated that the
radial mode was generated and selected from the grating
diffraction condition at the inner active cladding under a
sufficient grating depth. The radial mode is partly coupled
to the WGMs propagating in the microring.
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Introduction

Semiconductor optical amplifiers (SOA) is an
essential part in the modern long range optical
communication system. SOA provides high gain
over large bandwidth and consumes low power [1].
The study of optical pulse propagation inside SOA
provides interesting insights [2,3]. Airy pulse, a self-
accelerating pulse is known for its self-acceleration
and quasi-dispersive nature [4]. In this work, we
study the Airy pulse propagation in the linear regime
of a SOA. We observe that peak value of the Airy
pulse and trajectory of the Airy pulse depend upon
the gain dispersion parameter of SOA.

Theoretical Model

The pulse propagation equation, which models the
dynamics of the optical pulse in a SOA media is
expressed as [2]

('9U_11 . TUzd
5 =3 igyew (s [ WwPdr

v+ a2l (1)
aT2 )’

where U, a and g, are pulse envelope, linewidth
enhancement factor and small signal gain
respectively. The parameter s is related to the input
pulse energy E;, and saturation energy E,; of the
SOA. Gain induced dispersion parameter d = T, /T,
where T, is known as polarization relaxation time of
two-level equivalent of SOA and T, is the input
pulse width.

The input pulse envelope is expressed as
U(0,T) = Ai(T) exp(aT), (2)

where Ai(T) represents the airy function and a is
truncation factor.

Results

We study the role of gain induced dispersion on Airy
pulse dynamics in linear regime of a SOA by
considering the case where pulse energy remains
below the saturation energy during amplification
process. Therefore, we set s = 0 and solve eqn. (1)
numerically as well as theoretically. The functional
form of the Airy pulse, after z distance of
propagation, is expressed as eqn. (3), which reveals

04-013

that amplitude of the Airy pulse grows with the
propagation distance whereas the argument of the
Airy pulse (T + b* — a?) demonstrate that pulse
trajectory expression depends upon the linearly and
quadratically on propagation distance. For small
values of d and z, linear term dominates, and pulse
follows linear path while the path becomes curved
with increasing value of d and z. The output pulse at
z = 10 cm is shown in fig. 1 (a) and the peak gain
value is shown in fig. 1 (b).

U(z,T)

1—-ia)gyz
exp [%] Ai(T + b* —a?)

2 3
exp [§b6 — a?b? + bPT + %] 3)

where b%? =a +%(1 —ia)d?gyz, and b* = a? +

ad?gy,z + id“ggzz - iazd“gf,z2 —iaad?gyz —

Lo g4.2,2
-ad*gsz”.
2
S —Numerical 80
4 - - ‘Analytical E
g Z=10 ~
k] 2 z2
g
1 =
0 -
-20 -10 0 10 20 0 5 10 15 20
Time Distance

Fig. 1 Airy pulse propagation in SOA with ¢ =6, d=
0.2 and g, = 0.3 cm™}, (a) Input and output profiles of the pulse,
(b) Intensity peak variation with propagation distance for
different values of d.

Conclusion

We have shown that peak gain of the Airy pulse in
SOA is large for small value of d whereas the
trajectory of the pulse depends upon the propagation
distance and gain dispersion parameter d.
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1. INTRODUCTION

In the past few years, there has been a lot of R&D at-
tention in developing optical fiber based technologies in
photonics and broadband communication system. Data
communication, cloud computing has demanded an expo-
nential growth in communication traffic. To overcome it,
few-mode fibers and mode division multiplexing (MDM)
has emerged as a favorable solution. Mode convertors play
a crucial role as key components in MDM systems. Nu-
merous types of mode convertors have been proposed and
experimentally demonstrated so far, employing diverse
techniques such as acoustooptic transducers, structured
optical waveguides etc. [1].

We devised an all fiber configuration for selective ex-
citation and switching between higher order modes excited
in a few-mode fiber. In our previous research, we intro-
duced a novel approach based on cantilever beam deflec-

tion techniques for sensing the surrounding electric field [2].

We conducted a series of experiments to investigate and
validate the effectiveness of this method. Now, we imple-
ment our cantilever technique to achieve the switching be-
tween higher order modes based on introducing a con-
trolled perturbation offset in the input launching conditions.
We coat the fiber with BiFey9Co¢.103 as probe sample and
placed it in an electric field.

II. EXPERIMENTAL DETAILS AND RESULT

The experimental setup for mode switching is il-
lustrated in Fig. 1. The setup includes an input He-Ne laser
source. The light is coupled into one end of a single-mode
fiber (SMF) using a light coupling unit. The other end of
the SMF is coated with our probe material (coated length
1.0 cm with coated thickness of 0.36 mm). A four-mode
fiber (FMF) is positioned head-on with respect to the exit
of the input cantilever fiber, placed between two electric
field plates. Under the influence of an electric field, the
coated fiber undergoes deflection due to the induced polar-
ization of the probe sample. This deflection leads to modu-
lation of the input launching conditions, thereby altering
the mode excitation within the fiber resulting in the
switching of the output mode. To begin the experiment, we
couple the light emitted from the SMF into the FMF using
a mechanical butt coupling method. By bringing the fibers
into close proximity, we establish a near-ideal alignment
that facilitates the desired mode excitation corresponding to
LF,.. On applying the electric field, we observe the phe-
nomenon of mode switching within the FMF. Figure 2 vis-
ually illustrates the mode profiles and their transformations

as the electric field is applied, for cases with varying plate
separations. In this case, switching between circularly
symmetric mode to azimuthal asymmetric mode is taking
place.

Power supply

Light coupling Electric field

optics plates
D Coated fiber tip

as cantilever ~\

HeNe
Laser

Fig. 1. Schematic of experimental set-up.

a
Mode intensity

distribution

. b.
Voltage Mode intensity Voltage
(kV) distribution (kv)

ooo ooo

032

oat

Fig.2. Real time monitoring of mode intensity distribution at different
voltage values at fiber exit for varying plates distance at (a) 1.4 (b) 1.9 cm.

ITII. CONCLUSIONS

We introduce a novel method for achieving mode
switching within a few-mode fiber by utilizing an electric
field in a fiber-to-fiber transmission setup. This approach
offers a means to achieve dynamic and controllable mode
manipulation based on the electric field-induced deflection
of the coated fiber, presenting opportunities for various
applications in sensing, communications, and beyond. Also,
by fine-tuning of experimental parameters, we can enhance
the sensitivity of the system. Furthermore, our all-fiber
setup offers several advantages due to its inherent charac-
teristics, including light weight, safety, flexibility, immuni-
ty to electromagnetic interference etc.
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I.  INTRODUCTION
The coaxial Bragg fiber inherently gives the freedom of
multi-parameter tailoring to achieve desired transmission
properties, [1], which in turn, enables one to control the
propagation  characteristics, namely, group velocity
dispersion (GVD), zero dispersion wavelengths (ZDW).

Figure-1: Schematic diagram of the cross-section of
Bragg fiber and refractive index profile.

Bragg fibers are studied with air-silica structure [2]. We,
however, studied silica-dielectric layered structure and
focused on how the dispersion curve behaves by the varying
the transverse geometry.The schematic cross-section of the
fiber is shown in Fig.1, where the inner core silica is
surrounded by alternatelayers of low refractive index
dielectric medium and silica. We take the value ofn,, =
1.4438 and n; = 1.025 (Al,Osthin film) for our analysis with
varying inner core radius for the Bragg fiber.

II.  ANALYSIS AND RESULTS

To determine the waveguide dispersion of the fiber we
used finite element method (FEM) in COMSOL
Multiphysics, using perfectly matched layer (PML). We
calculated the fundamental guided mode vyielding the
effective mode-index and then wecomputed waveguide
dispersion (D,,) and material dispersion (D,,) [3]. To
calculate D,, we have not considered the wavelength
dependence of refractive index profile, rather we have used
Sellmeier equation to compute D,,[3]. We have evaluated
the wavelength dependence dispersion curve for different
combinations of ‘R’ and ‘d’ parameters.

E

g

E

=

4

=

R N A
=

=

w

]

g ——R=3.40 um
= R=3.45 um

— R=3.50 pm
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Figure-2: Dispersion curve for different combination of R and

constant d=0.12 um

We show that by varying the ‘R’ parameter, the ZDW can
be shifted to near infrared region. A typical result is shown
in Fig.2 for which we keptd = 0.12um in our calculation
while by changing the ‘R’ value we obtained the zero
dispersion wavelengths (ZDWs) of 1.52 um, 1.40pum and

0.06
—— R=3.40 um
0.054 R=3.45 pm
—— R=3.50 um
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Figure-3: Dispersion slope

1.32um for R = 3.40um, 3.45um and 3.50um, respectively.
We have also calculated the dispersion slope which is shown
in Fig.3.These lower values of the slopes reveal the nature
of flatness near the ZDW. The obtained parameters are
tabulated in table 1.

Table 1
Dispersion Flat wavelength
R ZDW slope at ZDW ) band_ (um) for
(um) (um) (ps /km-nm?) dispersion interval
P 0£1 ps/km.nm?
3.40 1.52 0.015 0.11
3.45 1.40 0.007 0.19
3.50 1.32 0.020 0.12
1. CONCLUSION

We have studied the dispersion propertiesof the coaxial
Bragg fiber as a function of wavelength with varying
geometrical parameters of the fiber in the range of 1.2 um
to 1.60 pm. We obtained a few hundreds of nanometer band
in the region of 01 ps/km.nm dispersion interval.
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1. Introduction

Integrated optical-phased-array (OPA) has drawn significant attention due to the potential use in wide
range of applications, such as LiDAR (Light Detection and Ranging) and free space communication. Beam
emitted from OPA is electronically steerable by controlling the phase of light entering the antenna array [1].
During the fabrication process, the device dimension and waveguide sidewall roughness apt to change
within the OPA circuit. This shifts the phase of light entering each antenna, resulting in a phase error. To
prevent the distortion of the emitted beam, a look-up table of phase modulation voltage (PM-voltage) is
prepared for each beam angle. Another factor which distorts beam is the change of chip temperature, which
shifts the refractive index. In an environment which temperature changes rapidly, a look-up table for each
angle and temperature will be required, resulting in a massive amount of calibration work. In this work,
deep neural network (DNN) is used to predict the PM-voltage which controls the phase modulators to form
a desired far field pattern (FFP).

2. System Configuration and Method

Fig. 1 shows the schematic of the proposed system. The DNN model is designed by 7 fully connected
layers (FCL), with batch normalization (BN). Training and prediction of the DNN model was operated in a
personal computer. The trained DNN will predict the PM-voltage to form the input Desired FFP. The
predicted PM-voltage will be applied to the OPA circuit to drive the phase modulators through a printed
circuit board. The OPA circuit was designed to operate at transverse electric (TE) mode with wavelength of
1550nm. Thermo-optic modulators were utilized to modulate the phase of each antenna. The antenna was
designed to emit equivalent power along the longitudinal direction with the length of 1.1mm. Total of 128
antennas are aligned in an array with the pitch of 1.4pum. The emitted beam was measured with FFP camera
mounted on top of the OPA circuit. The temperature of the OPA circuit was controlled with a Peltier device
to maintain 45°C for initial demonstration to prove the proposed concept.

The DNN was trained with a set of randomly set PM-voltage values and measured FFP. The predicted
PM-voltage values are compared with the actual randomly set PM-voltage values, and the parameters of the
DNN are updated to minimize the difference.

3. Results

FFP with single peak were inputted into the DNN. Fig. 2 shows the measured FFP controlled with the
predicted PM-voltage for 9 different arbitrary angles, each with different color, within -25deg. to +25deg.
Each beam forms a peak at the designed angle. Small emissions at angles other than the designed angle are
observed due to thermal crosstalk between modulators. These emissions are assumed to be suppressed by
improving the OPA circuit design in future work.

4. Conclusion

OPA beam forming was proposed and demonstrated utilizing DNN as controller of the phase modulator.
The proposed system forms beam at arbitrary angle within the 50° FoV.

[1] S. Chung ez al., “Optical phased-array FMCW LiDAR with on-chip calibration,” in IEEE ISSCC (IEEE, 2021), paper 19.1
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Fig. 1. Schematic of the erﬁposed system with OPA

cireuit controlled with D Fig. 2. Single peak beam formed with predicted PM-voltage.
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Introduction

Grating couplers (GC) on silicon-on-insulator (SOI)
have an excellent interconnectivity between photonic
integrated circuit (PIC) device and fibers. Traditional
theory-first hand-turning design method by sweep
parameters is time-consuming to perform. In contrast,
the target-first inverse design optimization algorithm
enables obtaining the best solution in just a few
iterations [1]. Although such inverse design was
already applied to GC, only transmission
characteristics was considered as the target. However,
back-reflection is also critical for PICs, especially the
lasing performance of semiconductor lasers [2]. In this
work, we report Figure of Merit (FoM) dependance of
the coupling efficiency as well as back-reflection of
GC.

Result

First, the gradient-based optimization requires
finding a suitable initial condition [1]. Fig.1 shows the
model to initial inverse design structure which
contains the design parameters be the starting position
of the grating (Xo0), the width of the pitch (=580 nm),
and the duty ratio of each grating (95%). Using FDE
and FDTD solver to determine the initial linearly
apodized grating based on the defined optimization
parameters (central wavelength = 1550 nm, fiber angle
=10°). Here, the number of gratings is fixed at 25 and
the etched depth at 80 nm, they are changeable for
farther calculation.

Intel Xeon(R) Gold 6242R CPU with 512 GB
RAM PC was used for calculation. 2 FOM monitors to
optimize coupling efficiency (fom_coupl) and back
reflection (fom_back) were set as shown in Fig.1. The
optimizing wavelength was set to be only at 1550 nm
and the convergence condition was set to le-5. Fig. 2
shows the calculated results of grating couplers with
only maximized coupling efficiency (1 FoM) and 2
FoM. The back reflections at 1550 nm are -35.94 dB
and -47.45 dB respectively and the coupling
efficiencies are 66.02% and 66.00% respectively,
which successfully minimum the back reflection and
almost don’t influence the perform of coupling
efficiency. Since we set the optimizing wavelength as
1550 nm, only the point at 1550 nm meets good
reflection value. In the future, we will set the range of
optimizing wavelength to cover whole C-band
wavelength. Fig.3 shows 9 grating etching trenches
from left side, since the width at each trench gets wider
as the grating number increase toward right side, when
calculate 2 FoM, trench widths are overall smaller than
1FoM.

After this calculation, several trench widths became
even less than 50 nm which maybe too narrow to
fabricate. To get the manufacturable structure,
restraint condition of the minimum feature size was set
to be 100 nm. Fig.4 shows the results. The back
reflections at 1550 nm are -32.00 dB and -39.70 dB,
respectively, and the coupling efficiencies are 66.00%
and 65.46%, respectively. The calculation of 1FoM
costs about 2 h20 min, 2FoM costs about 3 h50 min.
Acknowledgment

This work was financially supported by NEDO
(JPNP16007) and ARIM (JPMXP1222IT0025 and
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Abstract: We present the numerical study to demonstrate excitation of morphology dependent resonances in
microresonator by an encaved nanoantenna surrounded by conical cavity in an optical fiber. The
microresonator is excited by a focused beam coming from the nanoantenna when placed off-axially to it. The
resonances show Lorentzian and Fano peaks having Quality factor, Q of the order of ~10°. The proposed
design can be experimentally fabricated by chemical etching of a photosensitive fiber. The design has
potential to sense the change in dielectric environment having sensitivity ~31.832nm/ RIU.

When a highly symmetric dielectric resonator exhibits the optical scattering phenomena known as
morphology dependent shape resonances (MDSR), electromagnetic energy is trapped inside the structure at
specific ratios of refractive index and radius. As per Van de Hulst’s principle the maximum excitation is
observed when the focal point of excitation just lies at the proximity of the edge of resonator!. The photons
overcome the potential barrier provided by the resonator, just like electrons do in a quantum mechanical
resonance, and tunnel through their forbidden area®>. We here introduce a novel integrated experimental
configuration to excite MDSR by a nanoantenna encaved inside a conical cavity in an optical fiber tip. The
said design is fabricated by chemical etching of a photosensitive optical fiber by 48% of Hydrofluoric acid.
The cleaved end of the fiber is made to touch the meniscus of acid and the different etching rates of core and
cladding aids in formation of required optical fiber tip, Fig 1(a). The nanoantenna have the potential to
produce a focused beam of FWHM ~ 3um at distance ~25um from nanoantenna. The conical cavity provides
a platform for holding the microresonator and helps with resonator positioning relative to axial position of
nanoantenna. Experimentally, the developed probe has shown Q-factor ~10° for a Barium titanate resonator
having diameter 15um. We have performed numerical simulations in COMSOL Multiphysics of the same
design to explore refractive index sensing application. Fig 1b shows the trapped electromagnetic energy
inside a microresonator and the simulated electric field v/s wavelength results suggest that the configuration
shows a redshift when the refractive index (RI) of surroundings of resonator is changed, Fig 1c. A sensitivity
of the order of ~31.832 nm/RIU is observed.

J—RI-1.30
—RI-1.31
6 ]—RI-1.32 (c)
RI-1.33

lambda0(152)=1.5469 Surface: Electric field norm (V/m)
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Electric field norm (V/m)
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15460 1.5465 1.5470 1.5475 1.5480 1.5485 1.5490
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3 2 1 [) 1 2 x10% m

Fig 1 (a) Microscopic image of encaved nanoantenna in an optical fiber tip(b)Simulation result showing electric field distribution inside the
barium titanate resonator of diameter 15um (c) Simulation showing redshift with the change in refractive index around the resonator.
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1. Introduction

In Si photonics, epitaxial Ge layers are required
for photonic devices such as photodetectors (PDs)
operating at near-infrared optical communicational
wavelengths [1]. The lattice strain in Ge plays a
significant role in the operating wavelengths of the
devices. In the Ge layer on Si, an in-plane tensile
strain is generated as high as 0.2% due to the
thermal expansion mismatch with Si [2]. In this
work, an AIN layer is studied as an external
stressor to enhance the near-infrared absorption in
Ge strip structures.

2. Sample preparation

Strip structures of Ge epitaxial layers were
prepared by a selective chemical vapor deposition
on a (001) Si substrate partially covered with
100-nm-thick SiO; masks. The width of the Ge
strip ranged from 0.9 pm to 100 pum. A
300-nm-thick AIN layer was deposited on Ge by
reactive RF magnetron sputtering at 200°C.

3. Experimental Results

To evaluate the lattice strain in the Ge strip
covered with AIN, the Raman spectra were
measured. Fig. 1 shows typical Raman spectra of
the Ge strips with different widths. The observed
peaks at around 300 cm™ are derived from the
Ge-Ge bonding. Compared to an unstrained bulk
Ge at the bottom of Fig. 1, the peaks from the Ge
strips showed negative shifts due to the tensile
lattice strain. In the 100-pum-wide strip, equivalent
to the blanket Ge film, the in-plain tensile strain
was estimated as 0.21%. It is important that such a
negative peak shift was maintained or slightly
increased for the strips as narrow as 1 pm in
contrast to the bare strips (not shown), which show
a reduced negative shift due to the strain relaxation
[3]. This indicates that the AIN layer acts as an
external stressor to induce the tensile strain.

Fig. 2 shows typical photoluminescence (PL)
spectra at around 1.55 um, derived from the direct
transitions in Ge. Compared to the 100-pm-wide
strip, the 1.1-pm-wide one without the AIN layer
showed a blue shift because of a strain relaxation
[3]. On the other hand, the blue shift was
suppressed by depositing AIN. The result supports
that the AIN layer acts as an external stressor to
potentially enhance the near-infrared absorption.

- 0.9um
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;% 1.5um
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g 3.5um
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Fig. 1. Typical Raman spectra for different widths of the Ge
strips covered with AIN.
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Fig. 2. Typical PL spectra at RT obtained for the 1.2- and
100-pum-wide Ge strips with and without the AIN overlayer.
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4. Conclusion

The AIN layer on the Ge strip was studied as an
external stressor. The Raman and PL spectra
showed that the AIN layer acts as a stressor to
induce the tensile strain.
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1. Introduction

Optical power splitters and combiners are crucial in
broadband optical communication, suppressing active
devices in passive optical networks. They enable Photonic
Integrated Circuits (PICs) by creating specific photonic
band gaps. Coupled Mode Theory (CMT) and FDTD
methods analyze the coupling between Y-branch and
parallel waveguides. Symmetrical power splitters 1x2
divide power equally, facilitating simple Y-branch or
parallel waveguide branch designs [1], [2]. They are easy
to fabricate and have low sensitivity to tolerances.
Performance is evaluated based on transmittance and
absorptance.

Neil et al. proposed his study in 1999 examined
phase deviation and power splitting ratio in the Mach
Zehnder Interferometer (MZI) [3]. Previously, MMI-
based optical splitters and combiners gained attention [4],
[5]. This paper aims mainly at the radius optimization for
the 1x2 power splitter. Apart from CMT, FEM analysis is
used to study the losses in conventional splitters based on
rectangular  silicon-on-insulator ~ (Sol)  waveguide
structures.

2. Structure

R Port 3

Si

Si0,

il

]
|

Fig. 1. (a) Schematic diagram; (b) Structured triangular mesh; and (c)
Poynting vector

The 1x2 optical power splitter has been designed in
COMSOL Multiphysics software as shown in Fig. 1(a).
The input port is shown as Port 1, and the output ports as
Port 2 and Port 3. Silicon is acting as the material for the
splitter working in the SiO; environment. Radius
optimization has been performed along the power splitter
curves, thus showcasing its efficiency. Fig. 1(b) shows the
structure with fine meshing to enable accurate simulation

© 2023%F [SRYEES
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with efficient results. Fig. 1(c) demonstrates the intensity
propagation of the power splitter, which further
demonstrates that power is being divided into its two arms
equally with minute losses.

3. Result and Discussion

The range of radius optimization was taken from 0 to 50
pum with a resolution of 0.01 um. Figure 2(a) shows the
comparison analysis of absorptance with respect to radius.
The value of absorptance decreases with increasing radius.
Figure 2(b) shows the analysis of transmittance at output
ports 2 and 3 with respect to radius which demonstrates that
transmittance increases with increasing radius. At a radius of
20 um, it is observed that both transmittance and absorptance
saturate, giving us a result, that 20 um is the optimized radius
for the power splitter to act in its most efficient state.

20,um 048 20um
. 1

Absorptance
Transmittance

P

03 Transmittance, Port 2
Trausmittance, Port 3

} 0314

R S HE
Radius (um)
Fig. 2. (a) Absorptance; and (b) Transmittance at output ports.

0 30
Radius (um)

4. Conclusion

The above analysis demonstrates radius optimization for
the optical power splitter and combiner. It can be observed
that the absorptance decreases with increasing radius and
transmittance increases with increasing radius. A radius 20
um is obtained as the optimized value of radius for which
both the transmittance and absorptance saturates thus leading
to the conclusive fact of the splitter working at its most
desirable efficient state at this optimized radius.

Reference

[1] D. Srivastava, S. Vardhan, and R. R. Singh, “Sol Based Optical 1 x 2
Wavelength Independent 3-dB Power Splitter Design Using Three
Rectangular Cross-Sectional Cuboidal Waveguides,” Silicon, vol. 15,
no. 3, pp. 1381-1391, Feb. 2023, doi: 10.1007/512633-022-02105-8.

[2] K. Ishihara, K. Tsujikawa, M. Ohashi, K. Shiraki, and M. Tateda,
“Full 2-D photonic bandgaps in silica/air structures,” Electron. Lett.,
vol. 31, no. 22, pp. 1941-1943, 1995.

[3] N. S. Lagali, M. R. Paiam, R. I. MacDonald, K. Worhoff, and A.
Driessen, “Analysis of generalized Mach-Zehnder interferometers
for variable-ratio power splitting and optimized switching,” J. Light.
Technol., vol. 17, no. 12, pp. 2542-2550, 1999, doi:
10.1109/50.809675.

[4] D. Dai and S. He, “Optimization of Ultracompact Polarization-
Insensitive Multimode Interference Couplers Based on Si Nanowire
Waveguides,” IEEE Photonics Technol. Lett., vol. 18, no. 19, pp.
2017-2019, Oct. 2006, doi: 10.1109/LPT.2006.882227.

[5] Hongzhen Wei, Jinzhong Yu, Zhongli Liu, Xiaofeng Zhang, Wei
Shi, and Changshui Fang, “Fabrication of 4 x 4 tapered MMI coupler
with large cross section,” IEEE Photonics Technol. Lett., vol. 13, no.
5, pp. 466-468, May 2001, doi: 10.1109/68.920753.

04-021

40 0

FEBAMICAYEFAUTEMARS BRTRE (2023 AR —ILIENIRE)

4.2



19p-A310-13

© 2023%F [SRYEES

Wavelength Independent Coupling Length Variation analysis using Silicon on
Insulator based Rectangular Waveguide for Coupler/Splitter Application
Shalini Vardhan', Ritu Raj Singh'
"Department of Electronics and Communication Engineering, Netaji Subhas University of Technology, Delhi, India
E-mail: shalini.vardhan.phd21@nsut.ac.in

1. Introduction

Silicon on Insulator (Sol) technology poised to revolutionalize
photonic world in terms of device compactness and
operational speed. Many of the photonic active and passive
devices uses waveguides in their geometry to couple optical
power. Devices which uses coupler as their part of geometry
are ring resonator, race track resonator, coupler and splitter
itself [1]-[3]. As optical power transfers from one waveguide
to other waveguides, therefore, coupling length (L) is an
important parameter which requires precise calculation. To
validate coupling length variation, rigourous simulation is
performed using Finite Element Method (FEM) based Comsol
Multiphysics software at 1550 nm operational wavelength.

2. Structure

The coupler strcture is demostrated in this section using two
and three rectangular waveguides with no bends as shown in
figure 1 subjecting to power coupled length variation. In Sol
based waveguides mode exist because of high refractive index
contrast between Si and SiO, [4] and therefore the power
propagates. These two materials refractive index is calculated
using Sellmeier’s equation [5]. The width (wsi) and height (hs;)
taken are 400 nm and 220 nm [6]. For ease of simulation the
propagational length for each waveguide considered is 20 um
and the gap (G) between each waveguide taken is 55 nm [1].

() Sio,

Pou
=

¥

(B) SiO,

Fropagational L ength

Figure 1. Top view schematic of Sol Rectangular Waveguide using (a) two
waveguides (b) three waveguides

3. Result and Discussion
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Figure. 2. Coupling length analysis with normalized power using two
rectangular waveguides

The coupling length variation is studied using two and three
rectangular waveguides.
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Figure 3. Coupling length analysis with normalized power using two
rectangular waveguides

Figure 2 and figure 3 demostrates the relation of normalized
power with x-cut on the propagational length of rectangular
waveguides. In case of two rectangular waveguide structure
power is fed to the lower waveguide and it couples to upper
waveguide and it has been observed at 7.5 um power is equally
splitted into both waveguides. while in case of three
rectangular waveguide structure, power is impinged at the
central waveguide and it equally splits to upper and lower
waveguide approaching with the different coupling length i.e.,
5.5 um.

4, Conclusion

Variation in coupling length in two and three waveguide
coupler geometry is observed with power coupling length as
7.5 um and 5.5 um. The geometry has propagation length of
20 um in each case. The results shows that both the coupler has
wavelength independency in the optical C-band. As no bends
are reported in the coupler geometry, therefore bending losses
are minimal. This section of geometry can be used in the
application where power spliiter/coupler is designed and is a
part of any device e.g., racetrack resonator.
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fiber lasers for multi-photon microscopy
OTakao Fuji', Hideji Murakoshi® (1.TTI, 2.NIPS)
Keywords: fiber laser, ultrashort pulse, multi-photon microscope
We introduce two femtosecond fiber laser systems for multiphoton microscopy, producing “220 fs pulses at
1.3 wm and "150 fs pulses at 1.8 &micro;m, respectively. Starting from an erbium-doped silica fiber laser, we
employ a highly nonlinear fiber for 1.3 wm conversion and a Raman shift fiber for 1.8 &micro;m conversion.
The pulses are amplified using Pr:ZBLAN and Tm:ZBLAN fiber amplifiers, reaching average powers of 0.1 W
and 1.3 W, respectively. With the system of the Tm:ZBLAN fiber amplifier, we successfully image
TurboFP635-expressing cortical neurons at a depth of 0.7 mm using three-photon excitation and Clover-
expressing astrocytes at a depth of 0.15 mm using four-photon excitation with 1.8 wm pulses. Our findings
demonstrate the potential of our laser system in advancing cellular imaging in deep tissues, enhancing our
understanding of dynamic biological processes.
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1. Introduction

Ultrafast fiber lasers achieved by passive mode-locking
techniques have wide application potentials from fundamen-
tal research to industry applications. Recently, nonlinear
multimode interference existed in multimode fibers is
proved to provide fast saturable absorption and can be used
for ultrafast laser generation, and is especially paid much at-
tention owing to various advantages [1]. We report an all-
fiber ultrafast laser mode-locked by a graded-index multi-
mode fiber (GI-MMF) saturable absorber based on nonlinear
multimode interference, with a super concise cavity config-
uration and robust laser operation.

2. Experiment results and discussions

The schematic diagram of the proposed laser is shown in
Fig. 1. The laser cavity enjoys a very concise and compact
ring configuration, by incorporating a tap/isolator/wave-
length division multiplexer (TI-WDM), a in-line polariza-
tion controller (PC), and a 15-cm graded-index multimode
fiber with a core diameter of 50 um. The 980 nm laser diode
is used as the pump source, and 30-cm highly Er-doped fiber
(EDF, Er 80-4/125, Liekki) is adopted to provide enough
gain for laser operation. A fiber stretcher is employed to tune
the light propagation in GI-MMF for laser mode-locking.

-

pe— . PC
EDF <7\/\/\/\/\
SMF GI-MMF SMF

9:3,::‘ Output

e

TI-WDM

—_ - -

Stretcher

Fig. 1. Schematic diagram of the proposed mode-locked
fiber laser.

By properly controlling the PC and the fiber stretcher,
self-started mode-locking is achieved when pump power is
turned to 150 mW. The output power in 1550 nm is meas-
ured as 1.6 mW, with the 10% tap coupling ratio. The laser
output is shown in Fig. 2. Fig. 2(a) shows the optical spec-
trum of the mode-locked laser, measured by an optical spec-
trum analyzer (OSA, AQ6317B, ANDO), which is a typical
traditional soliton spectral shape. Multiple explicit Kelly
sidebands are distributed symmetrically around the central

wavelength. The central wavelength of mode-locking is at
1563 nm, and the full width at half maximum (FWHM) is
measured as 10.81 nm. The theoretical pulse width is calcu-
lated as 236.4 fs, which is benefited from the fast saturable
absorption of GI-MMF. Fig. 2(b) shows the uniform pulse
train measured by a photodetector (1-GHz, NEWFOCUS)
and an oscilloscope (DS2202A, RIGOL). The pulse interval
is measured as 17.4 ns. The radio frequency (RF) spectrum
measured by a spectrum analyzer (RSA3045, RIGOL) is
shown in Fig. 2(c), the central frequency is located 58.07
MHz, indicating the laser owns a fundamental repetition rate
of 58.07 MHz. The signal to noise ratio (SNR) is measured
as larger than 70 dB, showing the robust single pulse opera-
tion. In Fig. 2(d), the spectral stability is proved by recording
the spectral shape in 4 hours. The optical spectrum keeps its
original shape during the test.

3. Conclusions
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Fig. 2. Laser output. (a) Optical spectrum, (b) pulse train, (c)
RF spectrum and (d) spectral stability.

We proposed an ultrafast fiber laser mode-locked by
nonlinear multimode interference, with a concise cavity con-
figuration. The proposed laser shows its good performance,
and has potential for real applications.
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1. Introduction

The global prevalence of diabetes has risen dramati-
cally, with the number of affected individuals increasing
from 108 million in 1980 to 537 million in 2021 [1]. Un-
fortunately, there is currently no known cure for diabetes,
making early detection through blood glucose testing nec-
essary. Therefore, the development of accurate, rapid, sim-
ple, and real-time methods for measuring blood glucose
levels is of utmost importance in diagnosing diabetes. Tra-
ditional invasive techniques for measuring blood glucose
involve the uncomfortable and inconvenient process of
pricking a finger to obtain a blood sample [2]. Infrared
spectroscopy has emerged as a promising noncontact
method for detecting glucose concentrations. Mid-infrared
spectroscopy demonstrates a strong and broad absorption
pattern that serves as a fingerprint absorption for glucose.
Consequently, there has been significant interest in explor-
ing the application of these spectroscopic methods [3].
2. General Instructions

This study introduces a novel method for measuring
glucose concentration through transmission spectroscopy.
This method utilizes a high-speed infrared spectroscopic
technique employing a mid-infrared wavelength-swept
pulse quantum cascade laser (QCL). The advantage of this
approach is its implementation of the transmission optics
system, which eliminates the need for complex adjustments
or regular maintenance. Additionally, a special asynchro-
nous signal method is developed to reduce the measure-
ment time to 20 ms, while achieving a 30> integration in a
mere 0.6 s. With the high power of the QCL and the pro-
posed algorithm, the concentration of glucose solution
samples with an optical path length of 0.2 mm can be ac-
curately measured.

Figure 1 is the absorbance spectra of glucose in differ-
ent concentration. In all the spectra, there are two
high-intensity absorption peaks at 9.25 um and 9.60 pm
and a low-intensity peak at 9.05 um. These peaks can be
attributed to the stretching and bending vibrations of the
C-H-0O bonds.

Figure 2 illustrates the average absorbance in various
concentration samples, accompanied by a linear regression
line describing the relationship between absorbance and
glucose concentration. The error bars associated with the
concentration points indicate a maximum error of 1.2% and
a minimum error of 0.4%, affirming the consistency and
stability of repeated measurements. The linear regression
yields R? values as high as 0.999.
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Fig.1. Absorbance spectra of glucose at difference concentrations
transformed from the transmittance spectra.
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Fig. 2. Linear regression of the average absorbance and glucose
concentration.

3. Conclusions

Our transmission spectroscopic system can rapidly de-
tect different concentrations of glucose even in strong water
absorption cases. In future studies, we plan to improve the
system to measure the blood glucose concentration, such as
measurement of tear on the eyeball. we intend to design a
simulated solution resembling tear fluid and measure its
glucose concentration.
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Tunable-Repetition-Rate Dual-Comb Generation in a Polarization-Maintaining

Bidirectional Fiber Laser
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Shinji Yamashita, Sze Yun Set

E-mail: bwliu@ecntp.t.u-tokyo.ac.jp

Ultrafast laser is an ideal playground for the study of precise spectroscopy and microscopy that heavily rely
on the high-performance optical frequency combs, which is the unique nature of mode-locked fiber laser. In
particular, dual-comb fiber laser can greatly improve system performance while reducing complexity by
developing self-referencing combs and coupling pulse trains with different repetition rates. Whereas the
repetition rate is generally determined for a certain lasing resonator, which creates additional constraints in
dual-comb applications. In this paper, we demonstrate a bidirectional polarization-maintaining
mode-locked fiber laser, of which the two orthogonal polarization components propagating along fast- and
slow-axis are bidirectionally multiplexed resonate clockwise and counterclockwise, respectively. The
repetition rate of clockwise lasing pulses is fixed according to the certain cavity length, while the one of
another lasing components traveling opposite can be tuned continuously through the intra-cavity delay line.
The maximum tuning range of the counterclockwise repetition rate reaches 681.6 kHz. Compared with
fixed loop, the largest RF difference between two combs is 978.2 kHz, almost equals to 1 MHz. Meanwhile,
the dual combs generate in two opposite directions have nearly the same central wavelength, enabling high
coherence. Different from most current dual-comb solutions, this high-coherent characteristic could greatly
improve the performance of the dual-comb system, making it also have potential in some specific

spectroscopy and microscopy measurement scenarios.
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Fig. 1 (A) Schematic diagram of the laser setup; (B) Optical spectra and (C) Pulse trains as the delay line moving; (D) Repetition rate tuning;
(E) Inverse proportional fitting.
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Applying 3.6 pm Mid-IR Fibre Lasers Beams to Compensate Thermal
Lensing in LIGO Detectors

Ori Henderson-Sapir'?3, Daniel D. Brown'2, Michael Maclean'? and David J. Ottaway '
1. Dept. of Physics and Institute of Photonics and Advanced Sensing, The University of Adelaide, SA, Australia
2. OzGrav, University of Adelaide, Adelaide, SA, Australia
3. Mirage Photonics, Oaklands Park, SA, Australia

The initial detection of gravitational waves at LIGO (Laser Interferometric Gravitational Observatory) from
merging massive stellar objects ushered in a new type of astronomy [1]. Improved detector sensitivities increased
the observable volume of space from which gravitational wave events can be detected. This has brought into focus
the era of multi-messenger astronomy in 2017 [2], where various types of observation from different parts of the
electromagnetic spectrum (radio, infrared, visible, X-ray, gamma rays) can observe simultaneously the same
cataclysmic events expending our understanding of the universe, elements creation and the birth and death of stars.

Further increase of the observable volume of space in the current generation of LIGO detectors relies on
increasing the circulating power of the laser beams within the interferometer arms. However, increased power
results in stronger thermal lensing at the centre of test masses (the mirrors confining the laser beams within the
interferometer). Increased thermal lensing causes the interferometer to lose lock on the propagating optical modes.
Currently the thermal lensing issue is dealt with ring heaters around the test masses that apply heat to the outside
of the large circular optics to counteract the lensing and return the optic back to its original curvature. Residual
wavefront distortion is then countered by projecting CO; laser beams onto the back side of the compensation plate
optics through fixed transmission masks.

We propose to swap the CO; lasers with mid-IR based fibre lasers operating at the 3.6 um band. In additional
to also replace the fixed masks with spatial light modulators (SLMs) as the mechanism to shape the projected
patterns onto the compensation plates (see Fig. 1). The 3.6 um fibre laser will be based on the dual wavelength
pumping technique [3] operating at a few Watts. It is expected that good power stability can be obtained from
these sources compared with the CO- lasers. Using SLMs will enable dynamic control of the projection shape and
location on the optics. This will allow to address both point absorber defects in the optics, as well as allowing for
varying levels of compensation during power up — essential for maintaining the interferometer lock at high
circulating power and a current roadblock to increasing sensitivity.

We will offer a brief summary of the present status of mid-IR fibre lasers in the 3.6 pm band, followed by a
presentation of our most recent design parameters and outcomes related to the LIGO project.
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Fig. 1 Schematics of the proposed laser projection compensation system. AOM - Acousto optic modulator, HWP - half
waveplate, MTR - power meter, SLM - spatial light modulator, CAM - camera, CPX - compensation plate X arm, ITMX
- input test mass X arm.
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1. Introduction

Femtosecond laser processing has gained attention in
recent years as a method to allow for non-contact, freeform
processing of a wide variety of materials, including trans-
parent dielectrics [1]. However, effective use of femtosec-
ond lasers is not always trivial due to the large variety of

parameters available for tuning the highly nonlinear process.

Knowledge of the basic light-matter interaction dependen-
cies to each parameter would be important to improving the
controllability of laser processing.

One of, if not the first parameter tuned in laser pro-
cessing and a key independent variable in many fundamen-
tal experiments is the incident laser fluence. Defined as the
incident energy per unit area, for Gaussian pulses, the value
of the fluence at the pulse center, or the peak fluence, is
often used to standardize experimental results obtained in
various laser systems. However, this approach does not
explicitly recognize the spatially local fluence distribution
and the effect it may have on final ablation results. The
appropriateness of this treatment is a non-trivial issue,
which, when explored in detail, should yield a richer and
deeper understanding of the underlying physical processes
occurring during the laser ablation process.

To move beyond this paradigm of characterizing laser
ablation by a singular fluence value, we developed a new
technique to characterize and correlate the entire laser flu-
ence distributions to the final ablation results [2]. With this
technique, we seek to elucidate the limits of the singular
fluence treatment of the ablation process.

2. Experiment

To characterize the fluence distribution of a laser pulse,
the beam profile must be measured in detail at the focal
point. To achieve this, we modify a commercially available
CMOS camera with 1.12 um pixel pitch to directly image
the beam profile at the focus. Afterwards, the same beam is
used to ablate a sample. Each point on the ablation crater
can then be spatially correlated to a local fluence value.
This relationship may be plotted on a histogram, or “flu-
ence map,” thereby visualizing the relationship between the
incident local fluence and ablation results. An illustration of
this process is shown in Figure 1(a). Correspondingly, Fig.
1(b) shows an actual fluence map. Here, a single 30 pJ
pulse energy, 1030 nm central wavelength, 190 fs pulse
focused onto the surface of sapphire by an f100 mm pla-
no-convex lens. A laser scanning microscope is then used
to characterize the crater morphology. The fluence map
correlates the height information from the microscope with
the fluence information from the profiler. This single map
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Figure 1 (a) Conceptual image of the fluence mapping pro-

cess. (b) An actual fluence map of a femtosecond-laser ablated

crater on sapphire.

details important ablation characteristics. For example, the
peak fluence corresponds to the right-most data point, while
the crater depth the bottom-most. The threshold fluence can
be seen as the point where heights decline from zero. In the
presentation, we further demonstrate how the fluence map
can reveal information about the ablation properties of die-
lectrics, among other recent results.
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1. Introduction
Micro-hole drilling with femtosecond lasers enable micro-
fabrication with minimal thermal effects, has attracted
much attention. The polarization state of a laser beam has a
strong influence on the process in almost any kind of laser
material processing [1-3]. Previous studies have reported
the possibility of obtaining square holes by controlling the
intensity distribution and polarization distribution using
polarization converters [4,5].

In this study, we investigate the processing conditions
for square hole processing using a polarization-converting
element.

2. Experimental

Figure 1 shows a schematic for square-hole drilling with
femtosecond polarized beam. Square hole machining drill-
ing was performed using a Ti:sapphire laser system with
800 nm wavelength and a 1 kHz repetition rate. A laser
beam was attenuated using a rotatable half-wave plate and a
Glan laser polarizer. Laser pulses of 130-fs duration were
focused using a lens (focal length: 50 mm). The irradiation
of laser pulses was conducted in air. We used the unequally
divided polarization conversion element. The element con-
sists of a combination of 1/2-wave plates with different
principal axes at different locations, alternating between
8-segmented 1/2-wave plates with center angles of 60° and
30°.

In this experiment, the laser processing conditions for
square-hole drilling were investigated by changing the
number of irradiation pulses, pulse energy, displacement
from the focal point of the focusing lens, and aperture di-
ameter. Stainless steel (SUS304) plate with a thickness of
0.1 mm is used as samples. The shape of the holes after
drilling was observed using a scanning electron micro-
scope.

HWP PL Aperture lens

Femtosecond
laser

SH Polarization
Converter

Sample

Fig. 1. Schematic for square-hole drilling with femtosecond
polarized beam. SH: shutter, HWP: half-wave plate, and
PL: polarizer.

3. Results

Figure 2 shows SEM images of front and rear surface of the
drilled hole. The aperture diameter of 2 mm and the number
of irradiation pulses of 8000 were fixed, and only the pulse
energy was varied between 45 and 110 pJ/pulse. When the
pulse energy was 45 pJ/pulse, the hole was not produced.
When the pulse energy was higher than 95 pl/pulse, the
corners are rounded off due to the influence of intensity
distribution rather than the influence of polarization.
Therefore, a pulse energy range of 60~75 pJ/pulse is con-
sidered optimal energy for square hole drilling.

45p)/pulse 60u)/pulse 75u)/pulse 95u)/pulse 110p)/pulse

Fig. 2 SEM images of square hole drilled with a
cross-polarized beam.

4. Conclusions

A polarization converter was used to control the inten-
sity and polarization distribution at the focal point to pro-
duce a square hole. We investigated laser processing win-
dows for square-hole drilling of stainless steel (SUS304)
plate with a thickness of 0.1 mm.
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1. Introduction

In recent years, laser processing with GHz and THz
bursts of femtosecond pulses has attracted great attention to
improving the efficiency of laser-induced microfabrication
[1-6]. In this context, we demonstrated that femtosecond
laser ablation of silicon in GHz burst mode can improve
ablation efficiency [3, 4]. The efficient absorption of laser
energy in the GHz burst and the heat-accumulation effect
have been proposed as the main mechanisms for ablation
enhancement [3-5]. However, the possible mechanisms
have not yet been fully elucidated and more investigations
are needed. Therefore, in this study, we used COMSOL
Multiphysics to simulate the GHz and THz burst mode
femtosecond laser ablation of silicon and investigate the
responsible mechanisms of the ablation efficiency en-
hancement.

2. Simulation Method and Results

The deformation geometry model was applied to simu-
late material removal and crater formation. We used the
model of heat transfer by thermal conduction to study the
temperature evolution of silicon during irradiation with
GHz and THz bursts of femtosecond laser pulses. The heat
transfer model can be defined by [6]:

pCZ—V.(k VI) =0, )

where p, k and C are the density, thermal conductivity and
specific heat capacity of silicon, respectively. The burst
pulse was considered as an incoming heat flux on the sili-
con surface defined by [6]:

—n. (k.VT) = I(r,z,t), 2
where n is the normal vector of silicon surface and / repre-
sents the laser intensity of a burst pulse asr[6]:

I(r,z,6) = (1 R) (222m2) p(1) e 20 70 | (3)
with R being the reflectivity of silicon,  the focused laser
spot radius and o = agpat orca sum of the coefficients of
absorption by a single-photon and native free carrier ab-
sorption [6]. We defined the laser energy distribution of the
burst pulse over time by function of B(#), consisting of a
train of femtosecond laser pulses with intervals of 0.05 to
500 ps corresponding to 20 THz to 2 GHz.

Figure 1(a) shows a pulse shape of a single burst of
femtosecond pulses with an intra-pulse number of 25 with a
burst pulse energy of 1 pJ at a 4.88 GHz repetition rate.
The simulation results of silicon laser ablation by using this
GHz burst are presented in Figure 1(b), indicating a quanti-
tatively good agreement with the experimental measure-
ments for ablation depth as well as crater profile on silicon.

The simulated results demonstrated the enhancement of
ablation efficiency due to the heat-accumulation effect and
efficient absorption of laser energy in the GHz burst.
Moreover, this simulation model could predict an en-
hancement in silicon ablation efficiency using THz bursts
of femtosecond laser pulses.

205 ps (=4.88 GHz)

Al -

°

Energy(uJ)

Spm

Fig. 1 Computational geometry for silicon with a
thickness of 5 pm and a diameter of 20 pm.

3. Conclusions

This study presented a numerical simulation of the GHz
and THz burst mode femtosecond laser ablation of silicon
using COMSOL Multiphysics. The results were in a good
agreement with the experimental measurement to confirm
ablation efficiency enhancement with the GHz burst mode
laser processing. In addition, the simulation model predict-
ed that the laser ablation of silicon using THz bursts of
femtosecond pulses could improve the ablation yield.
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1. Introduction

Temporally shaping a single femtosecond (fs) laser
pulse into a double-pulse (DP) mode has been demonstrat-
ed to be an efficient method for internal modifications of
transparent dielectrics [1,2]. However, the mechanism of
double-pulse propagation and excitation in dielectrics has
not been well clarified. In this work, the ultrafast response
of silica glass under the irradiation of a shot of DP fs laser
is studied. The results are helpful for understanding the
laser absorption into the excited electrons, as well as the
microprocessing applications in integrated photonics.

2. Experimental setup

Figure 1 shows the experimental setup. A 1030 nm fs
laser pulse generated from a Yb:KGW laser system is split
into pump and probe pulses. The pump pulse is further di-
vided into two sub pulses P1 and P2 with an adjustable
inter-pulse delay (IPD). The pump pulses are focused into
the sample using an objective (Mitutoyo; M Plan Apo NIR
10x). The probe pulse is frequency-doubled by a beta bar-
ium borate (BBO) and then passes through the sample per-
pendicularly with pump pulses. The captured images are
magnified by another objective (Mitutoyo; M Plan Apo
NIR 20x%) and recorded onto a cooled charge-coupled de-
vice (CCD) (Bitran; BU-55LN) which is synchronized with
the laser system. Both pump pulses have an energy of 10 pJ,
and a fluence of 3.93 J/cm? on the sample surface.

Delay line

A=1030 nm

BS Pump pulse

Femtosecond
laser

M

M

<— Probepulse gample OL2 BPF TL CCD
Delayline 515 nm

Fig. 1. Experimental setup. BS: beam splitter; A/4: quarter
waveplate; SPF: short pass filter; BPF: band pass filter; TL:
tube lens; M: mirror; DM: dichroic mirror.

3. Results and discussion

The plasma filaments captured with a pump-probe de-
lay of 1 ps are presented in Fig. 2. After the irradiation of
P1, the plasma filament is shown in Fig. 2(I), where the
main excitation regions are inside the materials, starting
around Z = 40 pum. After the irradiation of P2 with an IPD
of 1 ps, filament extends to the sample surface, and its di-
ameter becomes larger. With the increase of IPD from 1 to
1000 ps, the starting position of the filament gradually
shifts into a deeper region, and filament diameter gradually
decreases, as shown in Fig. 2(II)-2(V), indicating that P1
excitations have a temporal effect on P2 propagation and
excitations. Part of P2 is absorbed in the shallow and edge
regions of filament induced by P1 when the IPD is smaller
thus resulting in a separation of main excitation regions
between P1 and P2. More energy of P2 can be delivered
into a deeper region with a smaller diameter to excite more
electrons while using larger IPDs, which contributes to the
efficient internal processing.

Air 1 Silica 40 pm

1)) i — Pl

oy i | — DP (1 ps)

(1) i — DP (10 ps)

av) i — DP (0.1 ns)

V) | —— DP (1 ns)
0 50 100 150 200

Position Z (um)

Fig. 2. Plasma filament induced by P1 and DP. The pump and
probe delays are 1 ps in all the conditions.

4. Conclusion

In this work, the interaction between DP fs laser and
silica glass has been studied using the pump-probe imaging
method. The free electrons excited by P1 have a temporal
effect on the absorption and propagation of P2, resulting in
different processing characteristics.
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Femtosecond laser ablation of dielectrics: experimental strategies for probing dynamics
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Femtosecond lasers are widely used in the processing of dielectric materials, with applications ranging
from microelectronics and photonic device manufacturing to glass processing. Furthermore, the extreme
nonlinear and thermodynamic conditions experienced by the material during femtosecond laser processing
make it an area of great interest from a fundamental perspective. However, these lead to complex problems
with interplay between various processes. In this work, we present different experimental approaches that
allow for a better understanding of the fundamentals involved in modifying the dielectric surface, as well as
the resulting consequences on machining performance.

In the first part, we present the results obtained using time-resolved microscopy. This pump-and-probe
technique enables the visualization of electron excitation dynamics with femtosecond time resolution,
aiding in determining the relative roles of different excitation mechanisms (multiphoton versus impact
ionization). We also examine irreversible transformation dynamics, such as ablation [1], by comparing the
results with behavior observed in metals and semiconductors, as well as studying the formation of a
heat-affected zone [2], corroborating that thermal effects in processing with ultrashort laser pulses cannot
be neglected.

In the second part, we conduct a comprehensive study on the role of laser wavelength, covering the
range from UV to MIR, in superficial modifications of dielectrics. Firstly, we focus on understanding and
controlling spatial resolution aspects, challenging the applicability of the concept of nonlinear resolution
commonly used in multiphoton microscopy to femtosecond laser ablation [3]. Secondly, we investigate
laser-induced topographies in dielectrics by tuning the wavelength. The study reveals a counterintuitive
guasi-invariance of material responses, including the measured fluence threshold for ablation and the
maximum achievable crater depth, despite strongly varying nonlinear interaction processes. These findings
are supported by simulations considering the balance between the different excitation mechanisms
(multiphoton, tunneling, and avalanche) and applicable dissociation energy conditions [4].
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ABSTRACT:
The use of the laser technology in production has
several limitations, particularly when fabricating on
curved surfaces. Thus, we suggested a new method
that combines an autofocusing methodology with
machine learning algorithm that precisely assess the
focus status during laser processing on curved surface.
Keywords: Autofocusing, Machine learning.

I. INTRODUCTION

Laser processing is the technique which patterning
outcome depends on the ability of maintaining the
laser focal point. Failure in locating the focal position
often leads undesirable patterns. The proposed method
which combinated of experimental setup with CNN
model that correctly predicts sample's focus status.

1. METHODOLOGY

In 2016, Cao et al. [1] proposed an experimental
setup for determining the sample's defocus distance
and tilt angle during laser material processing (Fig.
1). To properly calculate the position of the focus
point on curved surfaces, we created a CNN model
using the results of this experiment (Fig.2).
Regardless of image complexity, the CNN model
may learn domain-specific features and predict
features.

various qualities based on these

Furthermore, a CNN model is capable of
eliminating noise from the data environment while

retaining the critical feature. As a result, this

technology is the most precise and effective for laser

processing on curved surface patterns.

I

/l—vl CL
SL BS LS
|

Figure 1: Experimental setup for detecting focal point

Input Cowvl  Relu MaPl Conv2  Relu MaxP2 Comd  Relu MaxPd Convd Relu  Flatten FC 1024

FULLY CONNECTED LAYER
(REGRESSION)

Figure 2: CNN model architecture

111. RESULT AND DISCUSSION

CONVOLUTIONAL LAYER (FEATURE EXTRACTION)

The proposed method achieves high precision results

with a tolerance of defocus of less than £10um and tilt

angles along the x and y axes of less than +0.05c.

IV. CONCLUSION

In this paper, we provided and systematically

investigated a convolutional neural network-based

focus inspection technique.
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1. Introduction

This study focuses on the fabrication of Laser-Induced
Graphene (LIG) from Colorless Polyimide (CPI) films. We
examined the graphitization mechanism during laser treat-
ment of CPI using Reactive Force-Field simulations and
developed a fabrication method for porous LIG in a single
step. The derived LIG's microporous structure, confirmed
by multiple characterizations, enhances the performance of

pressure sensors and Triboelectric Nanogenerators (TENG).

The CPI-derived LIG electrode, with its increased sensitiv-
ity, presents promising applications in human motion mon-
itoring systems, wearable devices, and flexible electrodes.
The general overview of the experiment is depicted in the
Fig.
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2. Results and Discussion

2.1 Characterization

Our study presents the detailed characterization of
CPI-derived LIG using advanced techniques like FE-SEM,
EDS, Raman spectroscopy, XRD, and XPS. We found that
laser fluences significantly affected LIG surface porosity,
with the highest fluence yielding a more porous structure,
thereby improving the performance of pressure sensors and
TENGs. Raman spectra and XRD highlighted the graphitic
and crystalline nature of LIG, respectively. XPS further

confirmed the transformation of the polymer to a graphitic
structure during laser irradiation.
2.2 ReaxFF simulation

ReaxFF simulations were utilized to investigate the
graphitization mechanism of ten distinct CPI-derived LIG
formations. Different CPI monomers are divided into two
groups based on their fluorine content, and lasing simula-
tion is conducted at ~2500/3000/3500 K. The study records
the change in molecular structures, formation of various
carbon rings, and gas evolution over time. It is found that
under such conditions, amorphous carbon structures transi-
tion into planar graphitized structures, producing gases like
H,O and CO. The study also reveals an increase in surface
area for CPI monomers with fluorine, suggesting their po-
tential for sensor and energy harvesting applications.

2.3 LIG Pressure sensor

The LIG pressure sensor exhibited high sensitivity and
quick response time due to its unique structure, performing
well in low-pressure scenarios. Comparative data demon-
strated its superiority over other graphene and metal elec-
trode-based sensors. It could accurately detect pressure
distribution changes, heart rate, breathing rate, and muscle
movement, proving its utility in sports and healthcare, par-
ticularly for human motion detection and monitoring. De-
spite being fabricated in a single step, the sensor showed
robust and reliable performance, suggesting significant
potential for future applications.

2.4 LIG TENG device

The CPl-derived LIG-based TENG to contribute to
sustainable energy solutions. The unique structure and high
conductivity of the LIG enhanced TENG performance,
which could generate ~1.1kV of open-circuit voltage. The
device showed excellent durability and reliability, promis-
ing as an alternative power supply for various electronic
devices.

3. Conclusions

This study unveils a method to fabricate LIG from CPI
films, introducing Fluorine atoms to induce a porous struc-
ture, boosting performance of pressure sensors and energy
harvesters. The CPI-LIG-based pressure sensor displays
high sensitivity and swift response times, showcasing po-
tential for physiological monitoring. Furthermore, the
CPI-derived LIG used in a D-D TENG demonstrates sub-
stantial power output, reinforcing its applicability in vari-
ous fields, paving the way for future advancements in en-
ergy harvesting and wearable electronics.
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Microfluidic biochip of amorphous fluoropolymer CYTOP fabricated using two-
photon polymerized 3D mold for high-resolution cell observation

°Kotaro Obata', Mirai Hanzawa', Felix Sima'-, Hiroyuki Kawano'!*, Kazunari Ozasa',
Yasutaka Hanada’, Godai Miyaji?, Atsushi Miyawaki'#, and Koji Sugioka'

'RIKEN RAP, 2Tokyo Univ. of A. & T., 3INFLPR, “RIKEN CBS, 3Hirosaki Univ.
E-mail: kobata@riken.jp

Development of biochips which enables distortion-free imaging in the microchannel filled with a culture medium (water) is
required to investigate behaviour of living cells in micro and nano environments. Fluoropolymer CYTOP (AGC Corporation)
is a promising material with excellent properties such as high transparency in an ultraviolet region, high chemical resistance,
and water repellence [1]. More importantly for the high-resolution observation of biological samples, its refractive index (1.34)
is almost same as that of water (1.33), which is very attractive to be used as a substrate of biochip. However, its excellent
material properties make it difficult to create 3D micro and nanostructures [2]. In this study, we have developed a new 3D
fabrication method for CYTOP by using femtosecond laser based two-photon polymerized structures as molds.

Figure 1 shows a schematic diagram of the experimental procedure in order to fabricate an embedded microchannel
connected to two open reservoirs. In the experiment, a 3D microstructure was first fabricated by two-photon polymerization
(2PP) using a femtosecond laser (wavelength: 515 nm, pulse width: 216 fs) with SU8, a photosensitive resin, drop-casted on
a cover glass. After the 2PP process, the fabricated 3D structure was covered with liquid CYTOP and was then thermally
treated to cure CYTOP. Finally, 3D SU8 microstructure was dissolved by chemical treatment, resulting in fabrication of 3D
CYTOP microstructure. Figure 2(a) shows an optical image of the 3D microfluidic structure fabricated inside CYTOP. The
microchannel with a width of 100 um was observed (upper). When the ethanol was filled into the channel, the boundary of the
channel wall disappeared due to good refractive index matching of CYTOP with ethanol whose refractive index is close to
water. This result suggests that the 3D CYTOP biochip fabricated by the developed technique is suitable for high-resolution
observation of biological samples. Figure 2(b) shows the confocal microscope images of human prostate cancer cells (PC3)
observed using the fabricated CYTOP biochips. PC3 cell is entering the microchannel with a width of 10 pm along the sidewall.
Refractive index matching between CYTOP and water enables capturing clear images of cells even near the channel sidewall.
Thus, excellent microscopic observation of PC3 cells was achieved without image distortion thanks to refractive index
matching of CYTOP with the liquid medium (water).

3D polymer structure by two-
photon polymerization. CYTOP with sobvert . W
. "2 (a) (®) i
B = SEEE——— -:.- | =%
Cover Gas Pate 2. Filled with CYTOP 3. Thermal treatment 10 pm

1. 3D structure fabricated by 2PP

L= pem-w ] U
— "

5. Remove polymer structure

6. Final product of the micro-fluidc chip with chemical etching

As—5 4

L] & Peeling octiom glass substrae Fig. 2 Optical images of (a) embedded micro-
channels in CYTOP filled without (upper) and
Fig. 1 Schematic illustration of procedure with (bottom) ethanol and (b) PC3 cell entering
for 3D fabrication of CYTOP. the microchannel with width of 10 um.
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Processing of Cultured Animal Cells by Femtosecond Laser Ablation: Toward De-
velopment of Compact and Low-cost Processing System for Cell Biology
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1. Introduction

We have reported in single cell processing, manipulat-
ing and photoporating of exogenous ionic molecules such
as fluorophore dextran with less thermal phenomena of the
femtosecond laser. Although we have been developing a
series of methodology coupled with femtosecond laser ab-
lation, we are aware that femtosecond laser is difficult to
spread widely such the methodologies in biology and med-
icine because of expensive, necessity of well-trained tech-
nicians and researches for optics. The economic and
maintenance free system shall be perennially solved to be
general methodology. One possibility is to use Q-switch
nanosecond lasers that have recently progress, realizing
economic, downsizing, and maintenance free system. Here
we have a plan to evaluate the feasibility of nanosecond
lasers in processing of animal cells, which have been
achieved by femtosecond laser ablation. Before the feasi-
bility test, we show progress of femtosecond laser-applied
cell scratching and healing of the scratched area and pho-
toporation to different animal cell spices.

2. Experimental

Cell lines of human lung adenocarcinoma (A549) and
Madin-Darby canine kidney (MDCK) were cultured to
confluence on glass-bottom dish in DMEM, FBS (9% v/v)
and antibiotic agents in humid atmosphere having CO2 (5%)
at 37°C. The fs laser (800 nm, 1 kHz, 40-100 nJ/pulse) was
scanned at 800 um/s on the confluent cells where the water
ablation threshold was about 40 nJ/pulse.

We examined propidium iodide (PI) uptake of cells. At
energy level of water ablation threshold, the fs la-
ser-irradiated cells were stained with PI, indicating cell
death and were eventually detached from substrate few
hours delay. However, fs laser irradiation at 100 nJ/pulse
cause the cells acute wound. After immediate medium
change, the cells with the wound were disappeared from the
dish surface. The cells adjacent to laser scratched area were
stained with PI. It is specially noted that the confluent
MDCK like sheet quickly shrank and was flip the sheet
edge inward by fs-laser irradiation, while A549 only
slightly shrined. Accordingly, the MDCK detached area
width was about twice wide of A549 that (Fig.1).

Time-lapse imaging revealed that the scratched area
was recovered by 6 h in both A549 and MDCK (Fig. 1).
Detailed analysis of the images showed that recovery of the
resected area occurred by collective migration, but not by
proliferation.

Finally, we applied the fs
laser-induced cell removing
and the recovering to show a
feasibility of our method to
evaluate a candidate drug as
an anti-cancerous agent. It is
known that apigenin is a
plant-derived flavonoid and
induces apoptosis on the
A549 cancerous cells at low
dose of several tens uM [2].
Recovery rate under 20 uM
of apigenin condition de-
layed from 2.5 to 4 h to
reach half width in prelimi-
nary test (Fig. 2).

Fig. 1 Time-lapse images of
A549 and C2C12 at fs laser
scrunching area. Bars indi-
cate scanning width (20 um).

3 . Conclusions

In the present study,
showed the phenomenon
occurred on cells cultured
to confluent after fs laser
irradiation. The intense
laser of higher than water
ablation threshold induced
immediate cell death and
the irradiated cells were
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perfectly removable form
the culture substrate by
changing medium. The cell
removed area on the sub-
strate was refiled with cells by collective cell migration.
The fs laser induced cell scrunching have a potential to
apply for evaluate drug evaluation. Based on the present
study, we have a plan to use a common and small near in-
frared nanosecond pulse laser having high power for wide
spreading of the laser-based scrunching. The system will
be down-sized to attach to the conventional biological mi-
croscope and be easily handling.

Fig. 2 Effect of apigenin on
A549 collective migration
on scratched area.
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Real-time data acquisition in THz-TDS using MHz laser repetition rates for lock-in
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1. Introduction

Terahertz time domain spectroscopy (THz-TDS), which
relies on the coherent detection of terahertz radiation using
a pump-probe scheme, is one of the most common tech-
niques to measure optical constants at THz frequencies [1].
Standard lock-in detection is often employed to measure
weak THz signals with high signal-to-noise ratio (SNR),
For lock-in detection, the signal is modulated at a certain
frequency fmod, which is different from the frequencies of
unwanted signals. The lock-in amplifier detects and ampli-
fies the signal only at fmoq resulting in high SNR. However,
data acquisition time is limited by fiod. In particular, the
minimum data acquisition time is given by 2/fi0q4, as dic-
tated by the Nyquist criterion. Previous reports to modulate
the THz signals in THz-TDS mostly utilized optical chop-
pers or AC biased photoconductive antenna (PCA) emitters,
with reported modulation frequencies varying from few
kHz to few hundreds of kHz, respectively [2,3]. Conse-
quently, the data acquisition times need to be about few
milliseconds to few hundreds of microseconds, to get ac-
ceptable SNR.

In this work, we introduce the use of the repetition rate
of the pump laser to modulate the THz signal at MHz fre-
quencies (Fig. 1a), allowing us to significantly reduce the
data acquisition time during lock-in detection [4].

2. Discussion

A home-built THz-TDS system with PCA emitter and
detector was used in the experiments. Pump and probe
pulses came from a Ti:Sapphire fs laser with 80 MHz repe-
tition rate and 800 nm center wavelength. We varied the
pump repetition rate from 1 MHz to 40 MHz using an elec-
tro-optic modulator (EOM) operated as a pulse picker,
while the probe beam remains at 80 MHz.

A comparison of the THz-TDS spectra acquired using
an optical chopper and EOM modulated at 2 kHz and 40
MHz, respectively, is shown in Fig. 1b. At longer time
constants from 10 ms to 1 ms, the noise levels between the
two measurements are comparable. However, at 500 ps,
which is beyond the Nyquist criterion for 2 kHz, significant
increase in noise is clearly observed for the spectrum taken
using the optical chopper. At 100 ps, the signal is com-
pletely lost. In contrast, the signal is still observed at 100 ps

for the spectra taken using EOM, because it is still well
within the Nyquist limit for 40 MHz. These results showed
the possibility of using fast delay scans to map the THz
time domain spectrum. We also demonstrate the possibility
of real-time signal monitoring using a THz signal varying
up to 10 kHz using an acquisition time of 1 us (Fig. 1c),
which is approximately two orders of magnitude faster than
previously reported values.
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Figure 1.(a) Our proposed scheme for MHz modulation rates.

(b) THz-TDS spectra taken using optical chopper and EOM

pulse picker modulators. (c) Real-time signal data acquisition

for 10 Hz and 10 kHz.
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Evaluation of Reflective Characteristics of Meta-atoms Employing Point Terahertz
Sources and Its Application
Osaka Univ. 1, °Luwei Zheng!, Kazuki Hara!, Masayoshi Tonouchi', Kazunori Serita®

E-mail: serita.kazunori.omp@osaka-u.ac.jp

THz technology has attracted considerable attention as a powerful sensing tool across a wide range of disciplines,
including non-invasive/non-destructive detection, biology and material science®. Near-field technique? with the
capability of significantly enhancing the resolution and metamaterials technique® with that of remarkably
modulating electromagnetic wave properties has considerably facilitated its practical application in the THz band.
In fact, we have successfully realized detection of solutes in solutions at the level of several hundred attomoles in
picoliter volumes by measuring the resonance frequency shift. However, all results are carried out in
transmission mode. And we believe that immense potential in terms of high resolution and high sensitivity
features can be implemented in reflection mode.

This study presents an investigation into the reflective properties of terahertz (THz) meta-atoms, which are
fundamental components of metamaterials. The evaluation involves the use of point THz sources positioned in
the near-field region. The local generation of near-field THz emission is achieved through the process of optical
rectification within a non-linear optical crystal, specifically GaAs, under femtosecond laser irradiation at a
focused spot. This emission effectively excites the meta-atoms, resulting in a modulation of their resonance
states. The reflected THz wave pulses are detected employing a conventional THz time-domain spectroscopy
technique. The findings indicate that meta-atoms with diverse configurations exhibit substantial potential for
highly sensitive interactions, primarily driven by the electric-field-coupling effect. As a consequence, this
phenomenon enables improved spatial resolution and enhanced detection sensitivity. These findings hold
significant promise for the advancement of industrial and medical applications, particularly those requiring
micro-scale resolution, as well as for the development of THz lab-on-chip devices capable of highly sensitive
bio-sensing and trace amount detection.
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Figure 1. The schematic of the experimental ~ Figure 2. The measured(a) and simulated(b) THz reflectance of arrayed meta-atoms,
setup. respectively.

Fig 1 illustrates the schematic of the experimental setup employed in this study. The metamaterial structures are
directly fabricated on the surface of a 500-um-thick GaAs substrate. The size of meta-atom, an elementary unit
of metamaterials, is 84um. The laser beam spot is focused on the center of the center meta-atom region, and it is
believed that the diameter of the generated THz beam is almost same as that of the focused laser beam (¢ 10 u
m). Fig 2(a) and Fig 2(b) presents the measured and simulated results. The insert demonstrates the employed
metamaterial structure of a 1x1 and 5x5 arrays with a period of 100um. A manifest LC resonance is observed at
approximately 0.2 THz, and the experiment and the simulation are in good agreement presenting a great
performance for practical applications.
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Periodically poled lithium niobate (PPLN) has emerged as a versatile and efficient material for the
generation of terahertz (THz)-wave radiation. By making use of its excellent nonlinear optical properties
and tailored periodically poled structure for quasi-collinear phase matching (QCPM), a new backward
THz-wave parametric oscillator (BW-TPO) was previously realized in a compact, cavity-less setup [1,2]. In
this work, we further harness the properties of slant-stripe-type PPLN crystal and show multiple Stokes
beam generation at THz frequencies in the backward, forward, and transverse directions.

The experimental setup is shown in Fig.1(a). A laboratory-built Nd:YAG master-oscillator
power-amplifier laser system (4 = 1064.44 nm, 0.46 ns, 100 Hz) is used as a pump source and a tunable
distributed-feedback laser diode (Innolume DFB-1066-PM-50), serving as injection seeder, are shined onto
a slant-stripe-type MgO (5 mol%): PPLN crystal with a pitch of 4 =35.0 pum, slant angle of o = 67.0° and
dimensions of 50 x 5 x 1 mm?>. The spectra of the pump and generated idler beams are given in Fig.1 (b),
taken at a pump energy of 8 mJ and seed power of 500 mW. The backward idlers resulting from the main
BW-TPO phase-matching, are at 4;= 1066.18 nm with a spectral separation from the pump corresponding
to the BW-TPO frequency of 0.45 THz. Higher order idlers observed at 4> = 1067.91 nm, and A3= 1069.5
nm are due to a cascading process, where one idler acts as the new pump source generating the next order
idler, indicating efficient energy conversion. Similar cascading is also observed in the forward direction
with a frequency of 1.2 THz. Interestingly, each idler generates a pair (upwards and downwards) of Stokes
beams in the transverse direction separated in frequency of 2 THz from the parent idler. The forward and
backward measured idler wavelengths are in good agreement with QCPM calculations and the elucidation
of the origin of phase matching in the transverse direction is under investigation. The observed frequencies
can be easily tuned by rotating the PPLN, as well as by changing the PPLN design parameters (poling
period and slant angle), making this a promising source of THz-wave radiation for a variety of applications.

(b) —

(a)  BackwardQCPM ¢ g

‘: —_ FW1
i \ THz 12 THe — Bw3
== * Pump Detector -60 |- — uppump

.3

Forward QCPM = 045THz | — upBW2
. 0.45 THz | > 2THz i — down BW2
L — Wavelength S =< > < — upFW1
THz wave b Filter > ‘ 2THz | - aovg;;m
Nd: YAG MOPA ] . 7 @ ‘ | e
vz 22 4N 5 -s0 ‘ | A {
0.46 ns, 9 mJ, 7 I =" £ ‘ d I\ “"‘[‘ "
1064.4 nm, 100 Hz THz IR A I
PPLN . ) |
reflector \
Seed laser + Amp. Idlers
CW, 500 mW

Mirror

1064 1066 1068 1070 1072 1074 1076 1078
Wavelegth (nm)

Figure 1: (a) Schematic of the experimental setup, inset on top left shows QCPM scheme for cascaded backward and
forward travelling waves, inset on bottom right shows Stokes beams as seen on the IR visualizer (b) measured spectra
of various Stokes signals.
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Terahertz (THz) emission generated from laser plasma formed by the focusing of two-color femtosecond pulses offers

broad emission spectra and relatively high THz peak values, making it a widely used technique. One crucial aspect of
optimization is controlling the properties of the THz fields produced, and pulse chirp provides an important means for
achieving this. Previous studies, such as the work by Zhang et al. [1], have investigated the influence of chirp on the
generated THz intensity. Interestingly, it has been found that the dependence of THz intensity on chirp is non-monotonic.
In this contribution, we aim to generalize the results obtained in [1] by considering the simultaneous effect of the phase
shift between the first and second harmonics, both on the generation efficiency and on the variation of the THz shape.

The experimental setup utilizes a Spitfire model laser system from Spectra Physics, delivering a 35 fs infrared pulse
with a wavelength of 800 nm, a repetition rate of 1 kHz, and a maximum energy of 4 mJ. The laser beam is divided into
two parts, with 90% of the energy dedicated to terahertz generation and mechanically chopped at 145 Hz. The
remaining 10% of energy is utilized as a probe for the temporal characterization of terahertz pulses in an electro-optic
(EO) sampling setup employing a Gallium Phosphide (GaP) crystal. To manipulate the phase shift, we adjusted the
position of the Beta-Barium Borate (BBO) crystal relative to the plasma. Additionally, we induced chirp variation by
detuning the diffraction grating of the compressor. In Fig.1 we have reported the results obtained, and the variation of
the chirp optimization curve as a function of the phase shift is clear (a). It is also clear that a variation of the chirp can

induce a variation of the shape of the THz signal (b).
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Fig. 1: (a) Variation of the power of the THz electric field with the duration of the FHW at different positions of the BBO crystal.

(b) The THz shape varies depending on the chirp variation, in the figure the phase shift between FHW and SHW is fixed at 0°.

The red curve, representing a 0° phase shift, shows the optimization point at a positive chirp and a phase delay of 65 fs.
When aiming for a 90° phase shift, the optimal THz power generation requires a positive chirp and a time duration of
approximately 44 fs. Conversely, a 270° phase shift necessitates a negative chirp and a time duration of around 43 fs.
This new insight is of utmost importance as it emphasizes that the optimal chirp value is contingent upon the position of

the BBO crystal and the specific desired shape of the THz signal we seek to achieve.

[1] Z. Zang, N. Panov, V. Andreeva, et al., Appl. Phys. Lett., vol. 113, 2018.
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Quantum information processing with continuous variables over optical fiber

Kuanshou Zhang *?, Jinxia Feng'?, Yuanji Li*?
1 State Key Laboratory of Quantum Optics and Quantum Optics Devices, institute of Opto-Electronics, Shanxi
University, Taiyuan, Shanxi, 030006, People’s Republic of China
2 Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan, Shanxi, 030006, People’s
Republic of China

E-mail: kuanshou@sxu.edu.cn

Metropolitan fiber quantum communication network is the key step to construct quantum communication
network. Owing to continuous variable (CV) quantum entangled states of optical field can be generated
unconditionally and deterministically, high-performance quantum information processing with continuous
variables based on quantum states of optical field can be achieved. However, quantum information
processing with continuous variable over optical fiber is a great challenge.

The entanglement robustness of EPR entangled state distributed over the single-channel and
dual-channel optical fiber channel was investigated. It is found that in order to maintain the entanglement
robustness of the EPR entangled state in lossy optical fiber channels, the dual-channel scheme has more
stringent requirements on the correlation quadrature symmetry and purity of the initial entangled state than
the single-channel scheme. In the single-channel scheme, the maximum transmission distance and
robustness of the EPR entangled states with asymmetric modes is not sensitive to the asymmetry between
modes. The change of asymmetry between modes does not lead to disentanglement. The maximum
transmission distance does also not change. Distribution of CV entanglement at a telecommunication
wavelength of 1550 nm over single mode fibers are realized experimentally. Entangled beams with
guantum entanglement of 8.3 dB is generated using a single nondegenerate optical parametric amplifier
based on a type-Il periodically poled KTiOPO, crystal. When one beam of the generated EPR-entangled
beams is distributed over 20 km of single mode fiber, 1.02 dB quantum entanglement can still be measured.

A real time deterministic quantum teleportation over a single fiber channel were presented. The effects
of the transmission distance, the extra noise in the optical fiber, and the transmission efficiency of the lossy
channel on the fidelity of deterministic quantum teleportation over a single optical fiber channel are
theoretically analyzed. The real time deterministic quantum teleportation over a single fiber channel by
exploiting the generated 1.5 pm EPR entanglement is experimentally implemented. The maximum
transmission distance of the deterministic quantum teleportation is 10 km with the fidelity of 0.51 £0.01,

which is higher than the classical teleportation limit of 1/2.
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Versatile quantum state tomography of photonic states
via Hong-Ou-Mandel interference
NICT !, Osaka univ. 2, °Yoshiaki Tsujimoto!, Rikizo Ikuta?, Kentaro Wakui', Toshiki Kobayashi?
and Mikio Fujiwara!
E-mail: tsujimoto@nict.go.jp

Hong-Ou-Mandel (HOM) interference [1] is a
bunching phenomenon based on the bosonic nature of
photons. When two photons that are perfectly
indistinguishable from each other are mixed using a
half beam splitter (HBS), they always bunch and
exhibit the absence of coincidence resulting in a
specific interferogram called HOM dip. The important
property of the HOM interference is that the decrease
in  coincidence  reflects the  degree  of
indistinguishability of the input photons, i.e., it
provides information regarding the probability of
overlap of the input photons. Thus, this property should
enable the estimation of a target photon in an unknown
guantum state using a probe photon in a known state.
In this work, we realize the above concept as the
quantum state tomography (QST) applicable to d-
dimensional photonic qudits, which we call HOM-QST
[2]. Interestingly, we observe that HOM-QST is robust
against various imperfections and that the probe photon
can be replaced by classical light. Furthermore, we
confirm this by demonstrating a proof-of-principle
experiment using two-dimensional polarization qubits.

The concept of the HOM-QST is shown in Fig.1(a).
For simplicity, we consider the HOM-QST of a
polarization qubit as an example. The target photon
under test and the probe photon in known polarization
state are mixed by a HBS followed by a coincidence
measurement. By denoting the polarization of the
target photon and probe photon by p and Kk,
respectively, the depth of the HOM dip is given by

where 1 is a product of the quantum efficiencies of
the detectors, ny and n, are the average photon
numbers of the target photon and probe photon,
respectively. p, = (k|p|k) is the probability of the k-
polarized portion of the target photon. Here, |k) is the
k-polarized single-photon state. The feature of HOM-
QST is that no prior knowledge of the probe light is
needed, such as n, and its intensity correlation

function g (0); moreover, there is no theoretical
requirement on these values. We perform the proof-of-
principle demonstration of the HOM-QST of
polarization qubits. We prepare diagonally (D)
polarized heralded single photons as the target and
compare the estimation results obtained by the
conventional QST [3] with HOM-QST using a laser-
light probe. The real parts of the reconstructed density
matrices are shown in Fig.1 (b) and (c). The estimated
fidelity (F) by HOM-QST is above F=0.99. Hence, it is
shown that, regardless of the values of n, and
9@ (0), HOM-QST can realize the precise estimation
as our theoretical prediction. Our method serves as an
alternative to perform the QST with a passive
measurement setup and is applicable to QST of various
degrees of freedom.
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Observation of linewidth of electromagnetically
induced transparency with temperature

Anju Pal',* and Ajay Wasan!
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I. INTRODUCTION

The EIT linewidth plays an important role in high-
precision spectroscopy. The EIT linewidth depends on
the parameters like laser intensity, doppler broadening
and atomic relaxation, etc. In this study, we have
observed the dependence of EIT linewidth on the tem-
perature in the D2 transition of 8“Rb. The optical
density increases with the increase of temperature, which
has application in light storage [1], [2].

II. EXPERIMENTAL SETUP

The schematic of the experimental setup and the
relevant energy level diagram is shown in Fig. 1 (a and
b). In the present experiment, we used two external
cavity diode lasers (ECDL) operated independently at
wavelength 780 nm as probe and pump lasers. The pump
laser was locked at the transition F, = 2F, = 2
while the probe laser was scanned around the transition
F, = 1<F. =2 as shown in fig.1 (b).

F=3

1266.6 MHz
Probe Pump F=2

156.9 MHz

72.2 Mz

6.8 GHz

Rb vapor cell in a cell heater

Fig. 1: Schematic diagram of the experimental setup and
the corresponding energy level diagram.

Both lasers were passed through the Rb wvapor
cell in a co-propagating direction. The Rb wvapor
cell contains both the isotopes of Rb atoms (72% of
85Rb and 28% of 87"Rb) and is placed inside a cell
heater (THORLABS, GCH25-75). The temperature of
the cell heater was controlled using the temperature
controller (THORLABS, TC200). After the vapor cell,
the probe laser was then monitored by a photodiode
and oscilloscope. The probe and pump laser powers was
fixed at 0.7 mW and 3.5 mW, respectively.
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III. RESULTS AND DISCUSSION

Fig.2 shows the experimentally obtained results in a
A-type system using D2 transition of 8"Rb atoms. To
observe the effect of temperature on the EIT, we vary
the cell temperature from 22C to 60C. We observed the
VSOP dips due to the optical pumping of the pump

beam.

T=58 °C

Probe Transmission (arb. units)

—AbO —2'00 (') 2(’)0 4(’)0
Probe detuning (MHz)

Fig. 2: Experimental results showing probe transmission
at different temperatures.

The EIT peak emerged at the central VSOP dip. At a
higher temperature, the optical density increases within
the cell. So with the increase of optical density, the
spontaneously emitted photon increases, which is reab-
sorbed by the dark state. So the decay rates associated
with the ground state increase. Also, atom-atom collision
and collision of atoms with the glass cell increases the
ground state decay rates. This leads to a reduction in
amplitude and an increase in the linewidth of the EIT
Window.

IV. CONCLUSION

In conclusion, we have observed the increased ampli-
tude and reduction in linewidth of EIT window with
increased cell temperature.
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1. Introduction

Benefitting from the sub-Poissonian statistics, squeezed
light has been applied to push the shot-noise-limited
sensitivity of stimulated Raman scattering spectroscopy and
microscopy to a sub-shot-noise level [1-4]. To surpass the
sensitivity of state-of-the-art SRS microscopes, producing
high-power squeezed light is desired. Quantum-enhanced
balanced detection offers advantages for high-power
operation by combining squeezed vacuum with a high-
power local oscillator on a symmetric beamsplitter [5].
However, the balanced detection regime requires a high
squeezing level to counteract the 3-dB signal-to-noise ratio
(SNR) drawback. In this presentation, we introduce dual-
polarization quantum-enhanced stimulated Raman scattering
(QESRS), which is also suitable for high-power operation
[6]. This approach utilizes a symmetric beamsplitter but
detects squeezed light on two independent photodetectors,
thus avoiding the 3-dB decrease in SNR.

Squeezed vacuum

S
U
HWP () DM

CD Vertical polarization @ Paralle] SRS
@ Horizontal polarization @ Orthogonal SRS

Intensity-modulated SRS Stokes laser

Local oscillator
(SRS pump)

Fig. 1. Schematic of the experimental setup. PBS: polarizing
beamsplitter, HWP: half-wave plate, DM: dichroic mirror, SPF:
shortpass filter, LIA: lock-in amplifier.

2. Method and experimental setup

Fig. 1 shows the schematic of dual-polarization QESRS.
Initially, squeezed vacuum and local oscillator are combined
on a polarizing beamsplitter (PBS). The polarizing angles of
both are rotated by 45 degrees using a half-wave plate before
being directed towards the sample. By introducing an
intensity-modulated vertically polarized Stokes laser,
parallel and orthogonal SRS can occur simultaneously,
resulting in an intensity modulation transferred to the pump
laser [7]. At the detection stage, the QESRS signals from the
two polarization channels are separated by another PBS and
subsequently demodulated by two lock-in amplifiers.

3. Results

Figs. 2(a,b) provide a comparison between classical SRS
and QESRS images obtained by blocking or unblocking the
squeezed vacuum. The QESRS image demonstrates higher
image contrast than the classical one. Figs. 2(c,d) illustrate
the noise reduction level of QESRS images at different
wavenumbers by sweeping the wavelength of the Stokes
laser. Both parallel and orthogonal SRS measurements
exhibit an average improvement of 0.5 dB in SNR.

SRS @2209 cm~! (b) QESRS | @2209 cm™!
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Fig. 2. (a,b) Examples of classical SRS and QESRS images at 2209
cm? in parallel SRS measurement. (c,d) Plots of noise reduction
level at each wavenumber for (c) parallel and (d) orthogonal SRS
measurements.

4. Conclusion

In this report, we have presented dual-polarization
QESRS that can be operated in a high-power regime (14
mW). We demonstrate the feasibility of achieving sub-shot-
noise sensitivity in two polarization channels while
achieving a moderate level of noise reduction. This method
shows promise for applications in other quantum-enhanced
and polarization-resolved measurements as well.
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1. Introduction

The optical frequency comb (OFC) is prospective technique
that can hike up the communication carrying capability of
wide range in optical fiber communication [1]. Due to its
numerous applications, including ultra-short pulse
generation for different wavelength [2] multi-wavelength
ultra-fast photonic signal processing, high-accuracy
optoelectronic  detectors and  wavelength  division
multiplexing [3, 4], it draws attention of researchers. A
collection of spectral lines is produced by a continuous laser
source modulating a radio frequency signal. This manuscript
proposed an effective technique for generation of OFC with
cascading of modulators with Highly Nonlinear Fiber
(HNLF) that produces coherent and highly spectral comb
lines.

2. Proposed system setup for OFC

The CW laser pump depicts in Fig.1 at 1553nm produce
unmodulated signal which passes through Electro
Absorption Modulator (EAM) to enhance the intensity of
laser light with 10GHz RF Source. The shape of spectrum
get further enhanced by cascading of two Mach Zehnder
Modulator (MZM) at -1V and 4V biasing voltage. The
modulator 1 is intensity modulator, however modulator 2
work as phase modulator. The electrical inputs of MZM such
as Vpc and Vge drive two phase shifters to modulate Ejn into
two arms of modulator which are recombined to give Eou
where v is power splitting ratio. This is governed by equation
given by (1) [5].

i . (VRF(t) Vdc . —VRF(t)
Eout(t) = Ezm{yejﬂ( V zRF +V7rdclj+(1—y)ej7r V zRF } (1)

‘ MZMZ‘

VWY

|MZMI}>

‘ CW Laser

-EAM‘
\

Fig. 1 OFC Generation by employing HNLF
The pulse train gets enhanced with nonlinear index of
refraction of HNLF which gives additional optical spectral
lines over a high bandwidth range which is governed in
equation (2), where » represents fiber nonlinear coefficient,
nz2 is nonlinear index of refraction whereas Aef is effective
area of optical fiber and A is operating wavelength.

2zn2
A Aeff )

3. Result and Discussion
The performance of generated optical frequency comb is

analyzed with Optical Spectrum Analyzer (OSA)

optisystem. The stability is improved with cascading of
modulator with RF source of 30GHz. The output spectrum
at cascading of modulators is illustrated in Fig. 2 (a) & (b)
respectively.
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Fig. 3 Optical Frequency Comb Generation at Output of HNLF

The Fig.3 depicts generated OFC at output of HNLF.
The obtained comb lines are 45 which is shown in circular
image with 3dB flatness.

4. Conclusion

The proposed technique is effective with 45 numbers of
comb lines and 3dB maximum power deviation. HNLF plays
a vital role by enabling the nonlinear process that broadens
and spread the spectral energy resulting in a comb like
structure with evenly spaced frequency lines. The comb
generated is valuable for a variety of applications such as
frequency metrology and communication network.
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Structured light generations from cylindrically Structured Crystals
Jingbo Sun”
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Abstract: Spherulites are crystals with cylindrical crystalline structures and thus exhibit
anisotropic optical properties with cylindrical symmetry. Here we show several intriguing
designs of the devices including the generation and the modulations on the cylindrical beams
with spherulites in both linear and nonlinear ways. Such a kind of naturally existed circular

anisotropy opens entirely new opportunities in the field of the structured light applications.
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Fig.1 Structured light generations by using spherulites that have cylindrical

crystal structures.
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1. Introduction

The research field of abruptly autofocusing (AAF)
beam is witnessing a great surge of attention due to
its unique properties such as self-healing, non-
diffracting nature among others [1]. AAF beams
with orbital angular momentum (OAM) [2] hold
applications in free space optical communication
(FSO) [3] due to its additional degree of freedom.

2. Numerical Modelling

To model the phase screen mimicking turbulence,
we have used Von Karman power spectral density
(PSD), whose mathematical expression is given by

[4]
P (1) = 0.033c2(k? + k2) /0 exp (;—';2), (1)

where c¢?2 represents the represents the strength of
. 21 5.92

atmospheric turbulence, k, = = and x,, = -
0 (]

where L, represents the outer scale and [, represents

the inner scale of the atmospheric turbulence. Input

field profile of chirped ring Pearcey vortex beam

(CRPVB) is given by
E(r,¢,0) = Pe (;72, Zo) exp [b (‘;—:)]

. . -r 2
exp(ilp) exp <lC (W_o) ), 2
where Pe is the Pearcey function, whose
expression is given by

Pe(x,y) = fjooo exp (is* + is?x + isy)ds, (3)

here x and y are dimensionless variables, wy is the
width of the beam, b is the truncation factor, c is
chirp parameter, {, denotes a constant and | is the
value of topological charge.

3. Results and Discussion

In our numerical simulation we have considered [ =
2,wy =3cm, N =512, {, =0, wavelength 1 =
2um, lo=1cm, Ly=3m and b =0.1. The
propagation of CRPVB up to 2 km is simulated in
atmospheric turbulence by using 20 random phase
screens at an interval of 100 m. To provide the
sufficient statistics 500 independent realizations
have been performed. We have calculated apertured
average scintillation index (SI) using formula [5]
(R IR 1y axay) )

1(z) = -1, (4
S (Z) (f_RR f_RR I(x,y,z)dxdy)z ) ( )
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where | is the intensity of the beam and we have
considered the radius of receiving aperture R = 5
cm for the present numerical investigation.
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Fig. 1. Apertured average Sl for CRPVB for moderate (a)
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In figure 1(a) and 1(b), we observe that on
decreasing the value of chirp parameter (increasing
the value of the negative chirp) apertured average Sl
decreases in both weak and strong turbulence.

4. Conclusion

We have found that on decreasing the value of chirp
parameters, aperture averaged Sl decreases in both
weak and strong turbulence, which proves the
robustness of CRPVB against atmospheric
turbulence.
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An optical vortex occurs when the real and
imaginary parts of a complex electromagnetic
wave field become zero, and the phase becomes
singular at the beam's center. The light around a
beam containing OVs carries a topological charge
m [1]. However, higher-order vortices |m| >1 are
inherently unstable that they tend to separate in a
series of vortices with a unity charge. Here, we
demonstrate a technique to locate optical vortices
using light’s diffraction by a triangular aperture.

L1 L2 P SM
He-Ne Laser p

o~
.S‘

DMD L3 [elen]

digital pinhole (triangle aperture)

Figure 1. The diffraction of a vortex beam through a
triangular aperture was captured using a CCD camera.

Our experimental setup involves a He-Ne laser
directed towards a spatial light modulator (SLM),
where optical vortices are generated. We select the
first-order mode and allow it to propagate until it
reaches a triangular aperture programmed in a
digital micromirror device (DMD). We move the
triangular aperture across the laser beam in two
dimensions and record the corresponding pattern
using a charged coupled device (CCD). According
to Hickman et al., the diffraction produced by a
single charge vortex displays a distinct dark region
at its center [2]. This characteristic is shared with
an optical vortex, which emerges at positions
where the complex field amplitude is zero. Using
this similarity, we introduce a digital pinhole to
measure the intensity signal at the center of the
recorded pattern. The pinhole size, S, can be
controlled using the formulaS = fA / nR, where
f represents the focal length of the Fourier lens, A
is the laser’s wavelength, and R corresponds to the
radius of the triangular aperture. By plotting the
intensity values transmitted through the pinhole
for various scanning points, we can identify the
lowest intensity region on the map, which
indicates the presence of a vortex. First, we
optimize the pinhole because as seen in Figure 1,
pinhole S still captures high-intensity values from
the pattern’s bright lobes. We found in single
vortex detection that pinhole with size S/3 can
make more precise measurement of the central
intensity. Figure 2a illustrates the intensities
measured by this pinhole from patterns generated
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by a single vortex initially located at the origin
(x,y) = (0,0). However, based on the measured
lowest-intensity values, we determine that the
vortex is now positioned at (x,y) = (0.86 pm,0).
We further investigate our technique in detecting
two vortices. As a proof-of-concept, we initially
place two vortices symmetrically about the host
Gaussian beam center such that |m;| = 1 lies at
(x1,y1) = (—0.49 mm, 0) and m,| = lat
(x2,¥2) = (+0.49 mm, 0). Using the pinhole, we
found the vortices at  (Xm, ,¥m,) =
(—0.86 mm, 0.17 mm) and (X, , Ym, ) =

(1.21 mm, —0.17 mm), as shown in Figure 2b.
As a side note, the transmitted signal captured by
the pinhole offer insights into the dynamic
behavior of the interacting vortices. We observe
that the vortices drifted away from their initial
locations but rotate around a common axis,
consistent with the initial findings of Rozas [3].

Vortex position in y (mm)

Eo2

=

E 0

g

§-0.2 b) Vortex pair:

g 5 -1 0.5 0 0.5 1.5
o

>

Vortex position in x (mm)

Figure 2. a) Single vortex and b) vortex pair position as
measured by a pinhole with size S/3.

In conclusion, we have demonstrated that we
can determine the position of a vortex carrying a
topological charge using the diffraction of light by
a triangular aperture. By measuring the intensity
at the center of the diffraction using a digital
pinhole, we can also resolve vortex pairs that are
more than 86.4um apart.
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Abstract: We incorporated pulsed laser ablated copper nanoparticles of indirect bandgap 2.05 +0.05 eV to enhance
the nonlinear optical signal of blood plasma in the Z-scan technique. The nonlinear signal of blood plasma (phase
shift = 0.49) has been enhanced at about 114% by mixing with copper nanoparticles.

Introduction: Copper nanoparticles (Cu-NPs) with a reported bandgap of 1.3 - 2.1 eV [1] are very common due to
their nontoxicity and abundance making them a cheap material for many biomedical applications [2]. Previously it
was found that blood plasma produces a signature nonlinear Z-scan profile which can be enhanced by mixing with
iron nanoparticles (Fe-NPs) as the bandgap energy of Fe-NPs (2.1eV) remains close to the energy of the incident
laser in the Z-scan [3]. In this study, we aim to investigate the enhancement of blood plasma signals using Cu-NPs
prepared through the pulsed laser ablation technique. By incorporating these copper nanoparticles into blood plasma
samples, we will examine the Z-scan profiles at different incident power levels. The objective is to explore how the
presence of Cu-NPs affects the nonlinear refractive index and enhances the signal response in blood plasma.

Methodology: We prepared the copper nano-colloids by immersing a copper slab in distilled water and irradiating it
with an Nd:YAG Laser (532nm, 10ns, 260mJ/pulse). The Z-scan technique was then employed using a 660 nm laser
to analyze three samples: (a) Cu nano-colloids, (b) blood plasma, and (c) a 50% v/v mixture of Cu nano-colloids and
blood plasma.

Results and Discussions: From the UV-Vis spectroscopy, we observed the absorption peak of copper nano-colloids
at 216nm (fig. 1a). Using Tauc's formula, the indirect bandgap was determined to be 2.05 £ 0.05 eV, which aligns
with previous research findings [1]. When subjected to different laser power levels, copper nanoparticles exhibited
nonlinear responses (fig. 1b), At an incident power of 39.38mW, the normalized phase shifts for copper NPs and
blood plasma samples were 0.12 and 0.49, respectively. However, when the Cu NPs were mixed with blood plasma,
the normalized phase shift (Ag) increased significantly to 1.05, representing a 114% enhancement compared to the
blood plasma. This enhancement was consistently observed across eight different incident power levels (fig. 1c).
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Fig. 1: Hlustration of the key findings of this study. (a) The Tauc plot presents the evaluation of the indirect bandgap of Cu-NPs
at three different ablation durations, obtained from the UV-Vis absorption spectrum (inset). (b) demonstrates of the enhancement
of the normalized transmittance of the blood plasma signal achieved by the presence of copper nano-colloids. Finally, (c)
showcases the enhancement of the Z-scan measurement at different incident laser power levels.

Conclusions: The incorporation of copper nanoparticles with an indirect bandgap of 2.05 £ 0.05 eV, corresponding
to the wavelength of the incident laser, has successfully enhanced the nonlinear optical phase shift of blood plasma
in the Z-scan technique. This enhancement aligns with similar observations made with iron nanoparticles, which
possess a bandgap of 2.1 eV that also matches the incident laser wavelength. These findings demonstrate that
particles with bandgaps matching the laser wavelength can effectively enhance the nonlinear signal of plasma
samples in the Z-scan technique. Such knowledge opens up possibilities for optimizing the design and selection of
nanoparticles to maximize the enhancement of nonlinear signals in various biomedical applications.

Reference: 1. Marabelli, F., G. B. Parravicini, and F. Salghetti-Drioli. "Optical gap of CuO." Physical Review B 52.3 (1995): 1433.

2. Milenkovic, Jelena, et al. "Bactericidal activity of Cu-, Zn-, and Ag-containing zeolites toward Escherichia coli isolates.” Environmental
Science and Pollution Research 24 (2017): 20273-20281.

3. Chowdhury, Mustabi Mustafa, Yasmeen Haque, and Md Enamul Hoque. "Enhancement of Nonlinear Optical Phase Shift of Blood Plasma
with Iron Nano-colloids in the Z-scan Technique.” Photonic Networks and Devices. Optica Publishing Group, 2022.
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Optical skyrmions [1], in which all polarization states
mapped on the Poincaré sphere are projected onto the
beam cross-section, have attracted much attention as
analogous magnetic skyrmions. Versatile optical
skyrmions, such as Néel-, Bloch-, Anti-, and even
Hopfion-skyrmions, have been proposed, however,
there have been no reports of their polarization
textures being transferred to materials, so far.

We herein report on the first demonstration of direct
imprinting of the polarization textures of optical
skyrmions onto azo-polymers [2] via photo-induced
surface reliefs.

Figure 1 shows a schematic diagram of an
experimental setup for an optical skyrmion generator
based on a single-path self-referenced polarization
interferometer with a spatial light modulator (SLM).
A continuous-wave green laser (wavelength 532 nm)
was used, and its output was incident onto the SLM.
The laser output exhibited a linear polarization
inclined 45° with respect to a slow axis of x-axis, thus
converting its x-polarized component to be a 1% order
Laguerre-Gaussian (LG) mode. After passing through
a relay optics and a half-wave plate (the polarization
of the laser output was rotated by 90°), the modulated
laser output was re-injected into the SLM. A relative
phase of y-polarized Gaussian mode to the
x-polarized LG mode was then controlled. Also, the
LG and Gaussian modes with orthogonal circular
polarizations were coherently superposed with each
other by a quarter-wave plate, thereby allowing the
generation of the 1% order Néel-, Bloch-, and
Anti-optical skyrmions.

The skyrmion numbers of generated Néel-, Bloch-,
and Anti-optical skyrmions were estimated to be 0.99,
0.98, and -0.98, respectively, close to an ideal
number of 1, thus ensuring the generation of
high-quality optical skyrmions (Fig. 2).

The generated optical skyrmions were focused to be

~7 um spot by a lens (NA~0.5) on an azo-polymer
thin film. Laser power and exposure time of optical
skyrmions were then fixed to be 100 uW and 30
seconds, respectively. Intriguingly, the photo-induced
mass transport of azo-polymers occurs along the
perpendicular direction to the polarization of the
irradiated optical skyrmions, thereby forming surface
relief structures with the polarization textures of
optical skyrmions (Fig. 2).

Our demonstration will offer a new fundamental
physics of interactions between optical polarization
textures and matter, and advanced optical data
storage devices with the freedom of skyrmion states.

Figure. 1. Optical skyrmion generator based on a SLM with
a self-interferometer configuration.
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Figure. 2. Simulated and experimental Stokes parameters
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“Rogue waves”, “freak waves” and “killer waves”, refer to giant isolated waves that ap-
pear from nowhere, having amplitudes significantly larger than the background waves.
Firstly observed in the oceans as extreme water waves, rogue waves (RWs) are ubiquitous
in nature and appear in various contexts such as nonlinear optical systems, Bose-Einstein
condensates, microwave cavities, etc. In particular, the study of rogue waves has gained
fundamental significance in nonlinear optical systems, because of its potential applications
in producing high-intensity optical pulses. Several models have been developed to study
the dynamics of RWs, the nonlinear Schrodinger equation (NLSE) being the most studied
one [1].
A significant aspect of the implementation of RWs in the communication industry is the
manipulation of features like amplitude, speed etc. Recently, Dai and his collaborators
have studied the dynamics of controllable rogue waves, modeled by variable coefficient
NLSE, through dispersion and nonlinearity management [2]. Authors in [3] have shown
that the equation governing rogue wave dynamics admits a wide class of self-similar solu-
tions, whose amplitudes can be exactly controlled by tailoring gain and tapering profiles
in optical fibers through a free parameter using the isospectral hamiltonian technique. In
the present work, we extend this class of solutions, to control the amplitude by tailoring
the gain and tapering profiles through two free parameters. In the paraxial regime, the
beam propagation is governed by the inhomogeneous NLSE given by

oU  10%°U X? ) 9

zaZ+2aX2+F(Z)2U 2G(Z)U—{—|U]Uf0, (1)
where U(X, Z) represents the dimensionless complex field envelope, F'(Z) is the graded-
index profile, and G(Z) is the linear gain/loss function. Fig. 1 demonstrates the effect of

(@) (b) (©)

Figure 1: (a) Rogue wave intensity corresponding for undeformed case. Rogue wave
intensity for (b) A, A2 = (0.1, —1.1) (c) A;, A = (1,—1.1)

Riccati parameters (A1, Ay) on intensity of the RW. It can be observed that the height of
the RW can be effectively controlled through judicious combination of (A, Ay), increasing
up to 30 times in Fig. 1(c).
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Optical vortex beams carry a ring spatial form and an
orbital angular momentum (OAM) assigned by a topologi-
cal charge € [1], and they have been widely studied in a
variety of applications, such as optical tweezers [2], micro-
scopic imaging [3] and material processing [4]. The above
mentioned applications strongly require compact and robust
visible vortex sources with high efficiency.

Pr** ion-doped laser materials with strong visible emis-
sion allow the development of compact visible light sources.
In fact, we and our co-workers have already demonstrated a
visible optical vortex source by using Pr3": YLF and Pr’*:
waterproof fluoro-aluminate glass (WPFQG) fiber [5,6].

In this paper, we report on the demonstration of selec-
tive oscillation of Bessel-like vortex beams from the Pr**
WPFG fiber laser in combination with an intracavity lens
with strong spherical aberration.

Figure 1 shows an experimental setup of our laser sys-
tem. A 440 nm GaN laser diode was used as a pump source,
and its output was delivered and focused onto a Pr’*:
WPFG fiber core (8 um (core diameter) x 40 mm (length))
by utilizing a focusing system (L1~L5 lenses). The cavity
was formed of a high reflection input fiber facet and a flat
output mirror for 600-700 nm. The cavity length was then
fixed to be 70 mm. A convex face of an intracavity aspheric
lens L6 (f = 4.51 mm) was facing the gain medium to
maximize the intra-cavity spherical aberration, thereby
preventing Gaussian mode oscillation [7].

Fig. 1. Experimental setup of Pr**: WPFG vortex fiber la-
ser.

The system showed the selective laser operation of a
red (637 nm) or orange (605 nm) line by properly adjusting
the position of the intracavity lens along the optical axis
direction owing to chromatic aberrations. Also, red and
orange outputs exhibited a multiple-ring-shaped vortex
(Bessel-like vortex) profile with £ = +1 or -1, as evidenced
by a central dark core and Y-shaped interference fringes, as
shown in Fig. 2. Note that the selective control of negative

or positive topological charge of the generated vortex out-
put was achieved by appropriately adjusting the lateral po-
sition of the intracavity lens.

The maximum output powers of 605 nm and 637 nm
Bessel-like vortex outputs were measured to be 20 mW and
83 mW, respectively, at the pump power of 2.3W. The sys-
tem will be potentially extended to generate cyan (480 nm),
green (523 nm) and deep-red (697 nm) Bessel-like vortex
outputs.

Fig. 2. Spatial forms and wave-fronts of the generated Bes-
sel-like vortex beams.
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The amplitude, phase, and polarization of light are the fundamental parameters that characterize light
waves. In general, Gaussian beams with uniform phase and polarization distribution on the beam
cross-section are mostly used in many applications using laser light beams. By contrast, when these
parameters are spatially distributed on the beam cross-section, unique properties that cannot be attained by
conventional light beams are manifested. Such light beams are also called structured light beams and have
attracted much attention in recent years.

Radially and azimuthally polarized beams are well-known structured light beams, also referred to as
cylindrical vector beams, which are characterized by axially symmetric polarization distributions. Due to
the axial symmetry of polarization, vector beams exhibit distinctive behaviors when strongly focused by a
high numerical aperture (NA) lens. For example, a radially polarized beam can produce a strong
longitudinal electric field at the focus, which has a feature of a small focal spot compared to a conventional
linearly or circularly polarized beam. This feature is particularly advantageous to enhancing the spatial
resolution in laser scanning microscopy [1]. We have recently revealed that a higher-order radially
polarized Laguerre-Gaussian (LG) beam can generate an extremely small focal spot, also known as
superoscillation spot, by precisely controlling the incident beam size of a radially polarized LG beam on the
pupil plane of an objective lens [2]. The use of the superoscillation focal spot in confocal laser scanning
fluorescence microscopy enabled the significantly enhanced lateral spatial resolution approaching 100 nm
even when a visible excitation beam was used.

In this talk, we will briefly review the use of structured light beams, including vector beams, in laser
scanning microscopy to enhance spatial resolution. In addition, we will also introduce a new type of
three-dimensional imaging technique that can be realized by controlling the spatial structure of light beams
[3,4]. In this method, the depth information of samples is obtained from a single two-dimensional raster
scanning of a light needle spot with an extended focal depth without the movement of the observation plane,
allowing rapid three-dimensional image acquisition in laser scanning microscopy.
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Laguerre-Gaussian (LG) modes, that is most commonly used
optical vortices, possess an orbital angular momentum
(OAM) characterized by a topological charge, £, associated
with their helical wavefronts, and they have been widely
studied in a variety of fields, such as optical manipulations,
optical-quantum communication, scanning fluorescence
microscopes, and materials processing [1,2]. Surface relief
formation of azo-polymers occurs through single-photon or
two-photon induced trans-cis isomerization, and it has the
potential to develop rewritable optical data storages with
high data capacity [3].

There are several demonstrations of optical vortex induced
chiral surface reliefs of azo-polymers [4,5], in which the
optical vortex twists the irradiated azopolymer films to form
chiral surface structures owning to OAM transfer effects.
Such chiral surface structures of azo-polymers will be
potentially applied to the development of ultrahigh density
optical data storages with the freedom of OAM.

In this presentation, we demonstrate the formation of new
optical vortex induced surface reliefs, that is flower-shaped
surface reliefs with petals along the azimuthal direction, via
two-photon induced photoisomerization.

The experimental setup is shown in Fig. 1. An azo-polymer
film was spin-coated on a slide glass, and its thickness was
measured to be ~1 pm. A near-infrared femtosecond laser
(wavelength: 800 nm, pulse repetition frequency: 80 MHz,
pulse width: 51 fs) was used, and its output was converted
into a circularly polarized optical vortex with (=1 or 2 by a
spiral phase plate (SPP) and a quarter wave plate (QWP).
The generated optical vortex was focused to be a diameter of
~4 um on the azo-polymer film by an objective lens
(NA=0.9). The beam power of the focused optical vortex
was measured to be ~35 mW. The exposure time and laser
power were then fixed to be 200 seconds and 18.7 mW,
respectively.

Figure 2 shows atomic force microscope (AFM) images of
structured surface reliefs. A flower-shaped surface relief
with 6 or 8 petals along the azimuthal direction was then
created, and its diameter and height were measured to be ~3
or ~3.6um and ~420 or ~390 nm, respectively.

Such flower-shaped surface relief formation manifests the
spatial mode instability associated with third-order nonlinear
effects in azo-polymers, and it offers us a new fundamental
physical insight of light-matter interaction.

Also, it will be applied to develop advanced optical data
storages with new freedoms of multiple number of petals
reflecting a topological charge, €, of the optical vortex.
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Figure 1. Experimental setup for ‘flower-shaped surface relief’
formation in azo-polymer film

- -

Figure 2. Surface reliefs formed by illumination of femtosecond
optical vortices with (a) (=1, (b) L =2
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1. Introduction

In 2008, YAI3(BO3)s (YAB) was reported as new non-hygroscopic material with good desr (0.63 pm/V) and
small walk-off (1.9°) which can be a good alternative to the two commercial crystals: the hygroscopic
CsLiBsO1o (CLBO) or to the B-BaB.Os (BBO; which presents large walk-off) for UV generation at
266 nm [1]. However, until now the UV peak power obtained with YAB was only limited to the kW
range [2]. In this work, we demonstrate 1.6 MW peak power at 266 nm using YAB as nonlinear crystal.

2. Experimental setup

The main source at 1064 nm was a Q-switched Nd*":YAG/Cr*":Y AG-based gain aperture of micro-MOPA
(Master Oscillator Power Amplifier). The cavity was build using 1.1at-% Nd**:YAG crystal as gain medium,
a Cr*":YAG crystal (T9p= 40%) as saturable absorber and an output coupler (OC) mirror with 50% reflectivity
and it was pumped by 808 nm laser diode. The gain aperture was a Nd*":Y AG crystal pumped by another 808
nm laser diode. This system improves output energy to 4.5 mJ (792 ps pulse duration) and beam quality (M?
from 2.5 to 1.1) by amplifying the fundamental TEMgo mode and not the higher order ones [3]. Green laser at
532 nm (3.3 mJ, 619 ps pulse duration) was obtained through second harmonic generation with a type I
LiB3Os (LBO) crystal (6 =90° ¢ = 11.4°). The green beam was finally focused (¢ = 250 um) inside an
uncoated 2.94 mm thick YAB crystal oriented for the FHG at 266 nm (8 = 66.6° ¢ = 0°) (Fig. 1-a).

3. Results and discussion

Up to 423 nJ were obtained at 266 nm (268 ps pulse duration), corresponding to 1.6 MW peak power with a
power conversion efficiency 1 of 32 % as can be seen in Fig. 1-b. This peak power is one order of magnitude
higher than the 240 kW previously reported for YAB [3]. However, regarding theoretical conversion
efficiency calculations, higher conversion can be expected with YAB material in these conditions. The
difference comes from linear absorption (Terystat = 44 % at 266 nm due to Fe*" impurities) but also from two
photon absorption phenomena as the saturation of 1 increase with the pumping intensity.
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Fig. 1. Experimental setup UV light generation at 266 nm using Y AB crystal (a) and obtained UV energy at
266 nm with corresponding power conversion efficiency.

4. Conclusion

Despite the limited transmission of the Y AB crystal, up to 423 pJ of UV energy at 266 nm with 268 ps pulse
duration were obtained by frequency conversion, corresponding to 1.6 MW peak power and 32% conversion
efficiency. Further improvements are expected with the increasing of transmission at 266 nm through better
growth control to open a path toward the use of longer crystals to reach >10 MW peak power. Also, two
photon absorption in this material is under investigation.
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The nonlinear process of High Harmonic Generation (HHG) has enabled table-top ultrafast sources of coherent
radiation, mainly in the extreme ultraviolet (XUV) spectral region, with extensive use in a large variety of domains,
such as industry [1], biology [2], and photoemission science [3]. In particular, the latter would greatly benefit from
tunable high repetition rate XUV sources, to map the electronic band structure of materials over a large range of
the Brillouin Zone with fast data acquisition. Generally, in HHG experiments, the required peak intensity is
reached with the use of femtosecond lasers with a pulse energy in the range of 10 uJ — 1 mJ, typically focused
down to a spot diameter of 10 um — 100 pum, respectively. Focusing the beam tighter than a few microns, thus
generating a microplasma, would enable the use of sub-puJ sources. However, a microplasma HHG source is
expected to lead to a very poor XUV photon flux. This assumption originates from the phase matching condition
in an ultra-tight focusing geometry, where the significant contribution of Gouy phase factor cannot be balanced
out. Prior HHG work based on micron-scale spot diameter [4] has shown an XUV photon flux multiple orders of
magnitude lower than the requirement for photoemission experiments [3]. Here, we demonstrate experimentally
the high efficiency of a microplasma XUV source [5], with a photon flux that exceeds 10'! photons/s/harmonic,
driven by a pulse energy lower than 1 pJ. As a driving source, we use a noncolinear optical parametric amplifier
system operated at 4 MHz repetition rate, from which we tune the driving wavelength between 700 nm - 900 nm.
In Fig. 1, we show the measured XUV spectra, with two regimes of tunability: a) a discrete harmonic tunability
ranging from 20 to 50 eV and b) a continuous tunability of about 9 eV. The generation of efficient XUV radiation
with sub-pJ class sources could open a new era for spectroscopy and material science.
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Fig. 1. a) Measured XUV spectra for driving wavelength varied from 700 nm to 900 nm. b) Continuous tunability of the 21
harmonic.
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1. Introduction

The emergence of table-top XUV sources has ushered
in a new era of multidimensional photoemission spectros-
copy that allowed access to the nature and dynamics of
excited states in various material systems [1]. Here we pre-
sent our XUV source that operates at 2 MHz with very high
signal-to-noise, long-term stability, and narrow linewidth
that has been instrumental to our recent achievements in
understanding exciton physics in 2D semiconductors [2-4].

2. Experimental set-up and source characteristics

Time-resolved photoemission spectroscopy is a power-
ful tool in studying the dynamical evolution of excited
states in materials. Fig. 1 illustrates the typical scheme em-
ployed in our experiments. A portion of the output from a
Yb-doped fiber amplifier is used to drive a non-colinear
parametric amplifier to produce a widely tunable photoex-
citation source (320-2500 nm). Another portion is used to
produce XUV through high-harmonic generation (HHG)
using our patented technology [5].

Our technology uses a very tight focusing of the pump
laser, typically < 5um, which allows the use of lower pulse
energies (< 10 W) and long pulse durations (> 200 fs) to
reach the required laser intensity for HHG [5]. The ability
to use uncompressed pulses directly from the Yb-doped
fiber amplifier greatly reduces the complexity of the ex-
periment. Furthermore, having a small XUV source (< 5
pm) allows us to achieve a small XUV probe on the sample
spot (FWHM < 10pm) with just a single XUV ellipsoidal
mirror placed in a 2f-2f configuration. This is critical for
studying micron-sized samples like exfoliated 2D materials.

We use 21.7 eV (9" harmonic) as XUV probe in our
photoemission experiments. This harmonic is separated
from the other harmonics and the excess pump laser using a
set of Al and Sn filters. A Si plate set at grazing angle is
then used to guide the XUV onto the sample. At typical
operating conditions, we use around 7 pJ of pump laser
(515nm, ~250fs pulse duration, 2 MHz repetition rate) for
HHG, which gives an estimated flux of ~1 x 10 ph/s on
the sample and a linewidth of < 30 meV. Actual photoe-
mission counts using this XUV source show < 3% RMS
variation over a 10-hour period and < 7% for a 1
week-period.

3. Performance demonstration using 2D materials
We demonstrated the performance of our XUV source
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Fig. 1 Experimental set-up.

for momentum microscopy by probing the dynamics of
excitons in atomically thin semiconductors [2-4]. The
high-repetition rate and long-term stability of our source, in
addition to the small spot size and narrow linewidth, were
key to obtaining high-quality data with reasonable acquisi-
tion time. With a properly prepared monolayer semicon-
ductor sample, our static ARPES measurements at 100K
routinely show FWHM linewidths < 90 meV, which to the
best of our knowledge, is the best energy resolution
achieved on a monolayer semiconductor using a table-top
XUV source.
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