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Bl =/Preface

In 2012, the work at our lab was mainly focused on optical nonlinearities of new functional
materials and their microstructure systems, also nonlinear optical manipulation of light and its
application. Especially we achieved some fruitful results in the nonlinear optical effects and
their applications of the micro-structure optical systems and meta-materials, and the
manipulation of optical field. In this report, we present a short summary of our research
progress in each line of activity of 2012.

All the activities summarized here have been done in the frame of international projects,
cooperation agreements, and contracts with NSFC, MOE, MOST and Tianjin Municipal
government. We also benefit a lot from our colleagues from other units all over world, who
provide us advices and supports. Many thanks for their kind supports. In addition, our staff and
students worked hard in order to make our research better and faster. Thanks a lot for their
indispensible contributions and wonderful research works.

Hereby | would also like to stress that our lab is a big happy family for all of us. We should keep
our own excellent tradition and develop our research well in the next year.

Prof. Dr. Jingjun Xu %g

Director,

The Key laboratory of Weak-Light Nonlinear Photonics
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In this field, we mainly focused on
optical properties of graphene, plasmonics,
metamaterials, optical sensor, one dimensional
photon  crystal, and  sub-wavelength
microstructure. 18 papers have been published
in international academic journals, and 8
patents applicanted. The total researching
founds are 12.686 millions. This year, we
obtained some important results as following:
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Fig. 1 A sensitive, real-time microfluid refractive index measuring system. (a) A
schematic illustration of the measuring system. The enlarged diagram shows the
sandwiched structure of the GRIS. PBS separated the circularly polarized light
into s- and p-polarized lights. (b) A schematic illustration of the GRIS. (c and d)

The real-time voltage signal change of microfluid with and without graphene.

Based on the polarization-sensitive
absorption of graphene under conditions of
total internal reflection, a novel optical sensor
combining graphene and a microfluidic
structure was constructed to achieve the
sensitive real-time monitoring of refractive
indexes. The atomic thickness and strong
broadband absorption of graphene cause it to
exhibit very different reflectivity for
transverse electric and transverse magnetic
modes in the context of a total internal
reflection structure, which is sensitive to the
media in contact with the graphene. A
graphene refractive index sensor can quickly
and sensitively monitor changes in the local
refractive index with a fast response time and
broad dynamic range. These results indicate
that graphene, used in a simple and efficient
total internal reflection structure and
combined with microfluidic techniques, is an
ideal material for fabricating refractive index




Annual Report 2012

sensors and biosensor devices, which are in
high demand.
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Fig. 2 (a) Unit cell of the PIT planar MM. The pink arrows indicate the near-field
coupling between meta-atoms. (b) Coupled four-level plasmonic system for the
PIT planar MM. (c) SEM of the sample with S = 140 nm. Inset: Amplified figure
of the unit cell, showing the definitions of the geometrical parameters: L = 900
nm, W =150 nm, D =200 nm.
We present the design, characterization
experimental demonstration of a
polarization-insensitive wide-angle
plasmonically induced transparency (PIT)
1 planar metamaterial (MM) in the near-infrared
e ‘~-1.L‘r@_gime. A four-level plasmonic system is
"H. 'proriosed to explain and analyze the forming
L : '
‘|

anisms of the PIT planar MM, whose
results agree closely with the simulated and

and
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experimental results. This shows that the local
asymmetrical nanostructure leading to the
plasmon-assisted interaction is the key to
producing PIT, but it does not mean that PIT
cannot be achieved by the whole symmetrical
nanostructure. This work offers a further step
in developing optical modulation.
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We  first present the  design,
characterization, and experimental

demonstration of a dual band MA in the
infrared regime. The structure has single
patterned top layer with #-shaped wires, which
is simple and easy to fabricate. The two
absorption resonances of the dual band MA
are induced by the mixture of electric and
magnetic Plasmon resonances, and are
fundamental order resonance (at 6um) and
higher order resonance (at 3.1um) of the
#-shaped gold wires. The experimental peak
absorptions of our fabricated infrared dual

band MA reach 74% at 3.15 pm and 96% at
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5.86 pm. In addition, the absorption
resonances are polarization insensitive due to
the symmetry of the unit cell, and absorptions
remain high even at large incident angles both
for TE and TM polarizations. These are useful
for applications as absorbing elements, since it
can maximize absorption for wide-angle and
arbitrarily polarized or incoherent incident

light.
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A high efficiency fluorescence
measurement  technology based on a
simplified hollow-core microstructured optical
fiber (SHMOF) and a charge-coupled device
(CCD) lateral side detection approach is
demonstrated. By selective injection of dye
solutions into the hollow core, the input laser
beam is transferred between the hollow core
and the liquid core of the SHMOF, resulting in
strong fluorescence stimulation. By using a
CCD to detect fluorescence on the fiber’s
lateral side, highlighted sensitivity with dye
concentrations down to 1 pM is achieved. It
also provides a practical way to detect

multiple  signals  simultaneously  and
distinguish between them in space.
D
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32mmbser e M
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Fig.3. (a) Schematic diagram of the infrared dual band MA design and the

incident light polarization configuration. The geometry parameters are as: unit

cell length of P=2.1 pm, the bar length and width of L=1.5 pm and W=0.2 pm,

the interspace between two bars of D=0.3 um. (b) Top-view scanning electron

micrographs of the dual band MA. Inset: Enlarged view.
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Fig.4. Configuration of the fiber-based fluorescence sensing system; inset: the

enlarged liquid column in the fiber core.
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Fig. 5 (a) Measured reflectance data and fitting curves of the simulation sample

with three different proportions of glycerol (TE wave). (b) The derivative of the

reflectance curves. (c) Measured reflectance data and fitting curves of chicken

breast and ovine tissue (TM wave). (d) The derivative of the reflectance curves.

We discover that the existence of the tissue
fluid at the prism-sample interface is
unavoidable in the measurement and has an
important effect on the determination of RI of
animal muscle tissue. The contacting area of
the tissue sample consists of tissue fluid and
muscle tissue. A new model based on EDTRM
is proposed to explain the significant
information revealed by the measured results.
In order to verify the new model, a simulation
sample made of glycerol and
methyl-red-doped poly(methyl methacrylate)
(MR-PMMA) is measured. Then we applied
the new model for the measurement of fresh
porcine, chicken breast, and ovine muscle
tissues. During the laborious preparation and
measurement of tissue samples, we find that a
compromised pressure that is between

eliminating partial tissue fluid and avoiding
id'amage to the intrinsic proper-ties of the
tissue sample is needed in sample preparation.
Iso find that with a change of the
rtion parameter of the tissue fluid, the RI
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of muscle tissue can still be measured using
the new model.
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Fig. 6 (a) Top-view of the waveguide; (b) its beam guiding experiment result.

We investigated the application of
femtosecond laser direct writing in the
fabrication of  magneto-optical (MO)

microstructure. The experiments show that
FDLW can introduce positive refractive index
change in MO materials. With FLDW, we
wrote successfully waveguides in MO glass.
The Faraday rotation of the guided beam was
measured. The results show that the core part
of the waveguide, i.e. the optical damaged
area, has lower \erdet constant. With the
the writing intensity of
femtosecond laser pulses, refractive index
change increases, whereas Verdet constant of
the damaged area decreases nonlinearly. With
suitable writing intensity, we get single mode
waveguide of which Verdet constant is 80% of
the bulk MO glass.
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Fig.7. Plots of the source function of Airy evanescent field in the x-z plane with a
dielectric spherical particle situating on the interface: (a) n3=1.59, a polystyrene
sphere, (b) n3=1.5+3.1i, a nickel sphere. The arrows in plots represent power
flow of Airy evanescent field. Particle radius a=d=2A, xc=yc=0, ze<(d+0.81),
01=0.85 rad.

Using vector
representation, we derive the expressions of
the Airy evanescent field existed at the
interface. Utilizing these expressions and the
Arbitrary Beam Theory, the optical forces
exerted on a Mie dielectric particle in the Airy
evanescent  field were  theoretically
investigated in detail. Numerical results show
that the optical forces exhibit strong
oscillations which are corresponding to the

potential and spectrum

distributions of the evanescent field. With the
increasing the size of particle radius,
Morphology Dependent Resonance occurs for
the particle with specific refractive index.
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Fig. 8 Nano-pyramid structures fabricated by self-assembled nano-sphere

50 b

tamplates (with diameters of 500nm, 750nm, 1000nm) after oxegen plasma

treatment (50s, 20s, 0s).

By improving the fabricating technology,
we now can make metal nano-structure with
large area and periodic patterns by
self-assembled  nano-sphere  lithography
method. We can tune the geometric parameters
of the metal nano-structures by modulating the
fabricating factors, or obtain new structures
different to the original ones. For example, an
oxygen plasma etching process can reduce the
diameter of the polystyrene nano-sphere, and
enlarged the interspace of the spheres. Then
after the gold deposition and removing the
nano-sphere, we obtained nano-pyramid
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arrays structure with different interspace, as
shown in figure 1. Only by deposition silver
film on the gold nano-pyramid structure, we
obtained periodic nano-tip structures, as
shown in figure 2. Metal tip can enhance
strongly the surface electromagnetic fields,
and can be used for surface enhanced Raman
scattering. Our method can fabricate
large-area periodic nano-tips by a very simple
way and may be useful for some nanoscale
applications.
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In this field, we mainly focused on the

optical crystals,
functional materials, soft
matter, silicon based light emitting materials,

multi-functional
low-dimensional

nano-crystalline glass ceramics, and photonic
microstructure. 22 papers were published in
international academic journals, 4 invention
patents applied, and 2 patent issued. The total
researching founds are 14.83 millions. This
year, we obtained some important results, they
are mainly shown as following:

PATER T AR B 2 A F A %A 1
BHERERE, SUEBRAR, SO
PHES T S T o R, X A i M R s
BT AN DL RIREA o 58RI dh IR Re 8
DUAR 6L B A 7 I 1] 75 58 4h 31 AT L SE B 4 38
B4 BA# . JUHGZ50.5 mol%tH e iR
PR, 351 nmBOLE AN, FEIREF60%
TS R RIS, w2 ) A 450.35 s [A]
LB R iR R — kR i AR 2
MR

Molybdenum  doped niobate
crystals were grown under different
polarization conditions and their holographic

lithium

properties were investigated. In contrast to
current dopants, hexavalent molybdenum
prefers niobium sites. Thereby, holographic
storage becomes possible from the ultraviolet
to the visible with considerably lower
response time. Especially the response time of

0.5 mol% Mo doped LiNbO; can be shortened

~ to'as small as 0.35 s with a still high saturation

o

diffraction efficiency of about 60% at 351 nm.
M _ﬁ)denum doped lithium niobate thus is a

| prm_ﬁising candidate for all-color holographic
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storage applications
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Fig.1 The UV-visible photorefractive characteristics of LN:Mo00.5
crystals polarized under various polarization currents for 15 min.
The light intensity per beam is 320, 400, 400, and 3000 mW/cm?
for 351, 488, 532, and 671 nm laser, respectively.
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A series of vanadium doped lithium niobate
crystals was grown and their photorefractive
properties were investigated with a 532 nm
laser. At a total light intensity of 471 mW/cm?
a short response time of only 0.57 s was
achieved for 0.1 mol% vanadium in LiNbOs.
The photorefractive process is dominated by
the diffusion field instead of the photovoltaic
field. The dominant charge carriers are
electrons. The overall scenarios in this work
and the work published in 2011 indicate that
V-doped LiNbO3z; may be a suitable material
for holographic storage.

AR T —EBLNENDETE F 2 S
W SR IR R G, R — AN R ) S 56 3
B, RIOGHH B S e & e 5h B R US
e X 6.6%10° Wiem? ] 532 nm 0%,
FFE—N4) 350 VImm I # ALY . A 192
HH X AN B4 L 37 SRV T O R X R FE AR A
5| EC PRI AR O VB RN . RS, AT
THE IR X IR AR A A 2.3 °C, XA
S5 R 5 CERIRIE — B AT T 4E SRR,
X T HRBR AR LA K H e BBk FL AR AR, AR RO
ST, BT PR H N R BT R AR R R
SRS R B E AR .

close

3.(a) MBhE HEE CCD &Rt Sl i B S o AR, i
EITT BTG 45—~ 1.0 kvimm 3%, DB R A R
HIECKHGA KA (b) ZHIN— 1.4 kvimm [FIHIg, StHiDbE
SRR C 2R AR . B AN B B B R s e R A B
Hi¥) “close” F1 “open” 43 MRS IGHI SR AFIFT T
Fig. 3. (a) Single frame excerpts from movie of light-induced domain
reversal process on CCD. It is clear that laser-assisted domain reversal
occurred just after light was turned off when applying a electric field of
i']:'o Q/‘ m. .(b) Laser-assisted domain reversal occurred before light was

.-ﬁrn'ed 0 ‘\ﬁhenfabplying a higher electric field of 1.4 kV/mm. Centre of
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is thé position of laser spot. Words “close’ and ‘open’ on the
Ve developed a real-time imaging system
light-induced domain reversal
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process of Mg-doped LiNbOs. An interesting
phenomenon was observed that laser-assisted
domain reversal occurred just after light was
turned off. An exclusive electric field of about
350 V/mm was measured at 532 nm light of
irradiation intensity of 6.6x10* W/cm?. The
exclusive electric field was considered to be
produced by pyroelectric effect owing to
temperature change in the region of irradiation.
Then,  temperature  change in  the
light-irradiated region was calculated as about
2.3 °C. Our experimental results indicate that
change of electric field caused by pyroelectric
effect may play a significant role when
LiNbO; or other ferroelectric crystals are used
under strong light.

| pifem’y

P 4. ()P i )T b “OGEEDR BRSO T
18, BEEDMREE MG Z BIR; (b) & F S IR AL 2 (A
FKE, WERAFEZA T MBS, FOCA IR 7 LA
4ifly.

Fig.4 (a) "optical printing" domain structure on lithium niobate chip,

left for microscope images, the right for wet etching of + Z image; (b)
the relationship between the reversal electric field of wafer and light
intensity, the inner is the contrast of the domain structure with the

different conditions, optical mask for square hole cycle structure.
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The “optical printing” of domain
structure on the ferroelectric wafer is achieved
with visible light illumination (see Fig. 4(a)).
This technology not only lowers the chip's
reversal electric field (as shown in figure Fig.
4(b)), making suitable for thicker wafer
preparation, but also realize the large area
preparation of micron-order domain structure
with "no lithography" by the repeated
experiment research for the low light intensity
threshold value of the chip (its visible light
intensity threshold is of the same order
magnitude as the ultraviolet ones). By
adjusting the parameters, chips can no longer
constrained by lattice effects, and achieves the
accurate replication of optical mask(the square
domain structure as shown in figure Fig. 4(b)
inset).
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With the development of the solid-state
laser with diode laser pumped, research on
more efficient Nd**-doped crystal materials is
gaining more interest. Since the output
wavelength of diode laser is increased with the
operating temperature of the laser device, the
temperature stability of the output wavelength
of the diode-laser is needed to be crucially
controlled. Therefore, the absorption band of
laser crystals close to the laser output of
AlGaAs diode-laser needs to have a large
full-width at half-maximum (FWHM). We
have grown Nd** doped KGdP,O, single
ccrystal by the top seed solution growth method
and studied its structure, heat characteristics

spectroscopic properties.
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Fig. 5. The absorption spectrum of the Nd:KGdP401, crystal.
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Fig. 6. The fluorescence spectrum of the Nd:KGdP40;. crystal

excitated by the pumped light at 808nm.

The structure of the as-grown crystal
determined by sing crystal X-ray diffraction
(XRD) is monoclinic crystal system, C2/c
space group, which is characterized with
cyclotetraphosphate anion [P,O3,]*.. The
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experimental pattern of power XRD coincided
with the stimulated one according to the
crystal structure. The results of IR and Raman
confirmed that. The results of its rocking
curve shows that the crystal have a very good
crystallinity. The segregation coefficient of
Nd** is equal to 1 approximately.
Nd:KGdP40;; crystal melts incongruently, and
its specific heat varies from 0.485 to 0.799
J.g *-K ! with the temperature range from —10
to 500°C. The value of heat conductivity for
Nd:KGdP,O, along the c* direction is
1.66W/m-K at 28°C. There is a strong and
wide absorption peat near 798nm (c,ps = 3.26
X 10®cm?, FWHM = 14 nm). So the crystal
can be pumped by AIlGaAs diode-laser
efficiently. The luminescence spectrum was
measured, and the transition between “F, and
o energy levels also has a wide emission
band and the emission cross is 6.25x10 *° cm’.
The fluorescence lifetime is 300us. Then the
Stark sublevels involved in laser operation of
Nd* in KGdP,O,, crystal was analyzed. In
summary, Nd:KGdP,Oj, is suitable to be
pumped by LD and is a promising solid state
laser material.
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The work focuses on the investigation of
new hosts for luminescence materials, and
concentrates on the alkali metal-alkaline earth
metal-transitional metal borate systems.
Subsolidus phase relations of four systems
SrO-Zn0O-B,0; Al K,0-Ca0/SrO/Ba0-B,0;
were studied by solid state reactions, and two
new compounds were synthesized. The
photoluminescence of KMgBOz:Mn** was
studied, which could exhibit a red color with
high color purity and brightness under the
excitation of blue light. The splitting of the
emission peaks of Bazn,B,0s:Eu*" was
investigated, and was believed to have close
relationship with doping concentration. The
Ba®* or zZn*" sites could be occupied as
selected at low doping concentration, while
the second cationic site would be taken up at
high doping concentration with emission
peaks splitting. The photoluminescence and
phase transition of NaSrBOs:Eu®* were
studied. A red color emission with high quality
could be obtained under a near UV excitation.
The normal phase of NaSrBO; could be gotten
when the doping concentration of Eu®" was
below 3%, while a new phase XRD was found
at high doping concentration, which was same
to the sample with two times Na concentration.
It seemed that the new phase could be
stabilized by a large amount of Na,O or a
small quantity of Eu,03; Because the
guenching concentration was observed after
the phase transition, it was believed that the
good luminescence properties should have
close relationship with the structure of new
phase.
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spectra characters display minor differences
between before and after heat treatment in
oxyfluoride glass compared to similar Er**-,
Yb¥*-, Tm*-, Eu**-, etc.-doped materials.
Here, we have studied the distribution of Nd**
ions in oxyfluoride glass ceramics by X-ray
diffraction quantitative analysis and found that
almost none of the Nd** ions can be
incorporated into the crystalline phase.
Transparent Nd**-doped GCs were prepared
and corrosion-treated to release NCs from the
glass matrix for a direct study on their
composition and structure information. Unlike
B-PbF,:RE crystalline
phase B-PbF,
crystalline phase was generated after thermal
treatment. Especially after etching off the
glass matrix, massive NdFz; crystals
simultaneously generate in free NCs. Through
the XRD Rietveld refining method, almost the
whole of Nd** ions reside in the glass matrix
despite that the samples undergo the thermal
treatment. For further demonstration, the
models of Nd** ions existing in the glass
matrix in GCs and the core-shell-like structure
of pure p-PbF, surface absorbing NdF;
crystals in NCs were built. Then, HRTEM,
EDS line scan in HAADF mode, and
conventional mathematical analysis were used
to verify the models' rationality. The results of
experimental characterization well coincide
with those of the simulation. Our work

the former results,

was obtained, and pure

explains the previous arguments about
whether Nd** ions doped into the crystalline
phase or not and removes the puzzle about
minor differences on spectral properties. The
study has paved a way to more
comprehensively understand the properties of
the Nd**-doped oxyfluoride glass. The results
here would benefit further research on the
optical properties and applications of such
materials.

KHIZLAN, Raman, X S AT S #r 77
BT T AlLOs X IR A 338 S 45 A A
BT ot PO 2 5 LR B AT 32 B2 DL [AIO,] )
T 305 [SI04] LATH 11 AHE 177 7A4) li 3 A kA

Bl 7. Nd B TAEBFERE B Ami 7 STEM #5XF (1) EDS Zifa
El(a)M(b). FIfLIZLA) EDS £k & ()Rl (d) B Al B AR 7R - B0 55 52
LIRSS R (e)F(f).
Fig. 7. EDS line scan graphs in HAADF mode (a,b). EDS line scans for the
ideal models of (c) crystalline B-PbF, and (d) core-shell structure in NCs.
(e) The relative element signal intensity of Pb, Nd, and Cd in GC; the fit
curve; and the calculated model curve of element Pb are presented for
comparison; (f) The fit curve of relative element intensity ratio Pb/Nd in
NCs and the calculated core-shell model curve are also shown
"It has been an open question whether
" jons are incorporated into the crystalline

\ 3
'msl; in oxyfluoride glass ceramics or not.

'U\)iété:over, relative research has indicated that
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The influence of Al,O3 on
micro-structure  and  crystallization  of
oxyfluoride glass were investigated by
Infrared spectra, Raman spectra and X-ray
Diffraction analyses. The results showed that
[AlO,4] connected with [SiO4] units by means
of angle connection, which formed the basic
network of glass. When the content of Al,O3
increased, the structure of Monomer and
Dimer increased in oxide glass matrix. Under
the condition, the size of nanocrystals had
minimum value, while the structure of
nancrystals was not affected.

FeE HO T 22 A i RE 28 AR B 72 75 ) 2012
F AR R T 2 UTAR ' F B R0 Ak i O 7 2
B 6 YR B H B ) O T ER A T SR 1
B FEAIMCLT LA H: (1) 3]
FIR R ¥ Z 0T vE R & ZnO:Al iEH
PP, SRS L PHL RO 2.4 X107 Q <cm,
FEiLRIEF 90% LA b, FEH AR IRIE R
bR BB KT ik — iR e F
TR TR, (2) NEREERE MOS
SEM R BUR R AR R M IR, FRATTHR
THEEFERESUR R, FIFHE
A SRR S F A RS R R AR, R A
high-k 5 8B SR $t e 2 A (0 it i 1, )
PR B R S T AR e ML 1 3
PEEER . fERIERE E, RIFEF R AR
MW FEREBE ALOS/TIO, 44K J2 4R i st ik
TTREFECEL, B A U SO B 1-V 4%
PEHRH /2 B BUR GBI ALOL/TIO,
AR EEHN R, SRR MOS
SEMI R BUR R IR e KOG EE e T £t
(3) BATE KA EF EIRRITEA KM

B Gd BT k11 SiOpGd S AMEERE B
SEAIRG - BT Tb 2410 SiOxTb 1%k

ﬁﬁt%ﬂ%, NHEHIfESRE MOS 45 #4 )t FE

% S FEEMEN R R . (4 REA
"I I‘ ‘,-1 '}

24

WAL = 58 4 H E BT H 72 B ER
BN IR MOS S5 R EUROEE AT, SFR
B 7 10 ) o = DA R 7 R TR 2R
M. X3RS BIEE FATRRE, S
PAVES TMBAEREER R

=
o
a
T
n

2.38x107°0 «cm

~ L

Resistivity (Q ecm)

A

=
o

0 1 2 3 4 5
Al concentration (%)

&1 8. PSS A B IR 00 P PEL R B 15 2 T 2 (AR

Fig. 8 Dependence of the resistivity on the Al doping content in

the ZnO:Al films.
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Fig. 11 1-V curves of the Al,O3/TiO, based MOS structure

with different content of Ti.

Ti0,/Al,0, N

5i0,:Gd v

Si(100)

] 12(a) %t MOS HLBUR L AR 1o
Fig. 12. (a) Diagram of the Si MOSLED.
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Fig. 12 (e) EL-I-V characteristics of the SiO,:Gd MOS LEDs

After four years construction of the
laboratory, we are successful in the
development of rare earth doped silicon
dioxide  metal-oxide-semiconductor  light
emitting devices (MOSLED) fully by atomic
layer deposition technology. The MOSLED
deposited on silicon substrate has a multiple
layered structure of
ZnO:Al/TIAIOX/SiO,:Gd/Si. For fully
deposition of the multiple layered MOSLED
on silicon substrate, the growth processes of
four oxide layers of ZnO, Al,O3, TiO,, SiO,
and Gd,Os; were optimized concerning the
overlap of ALD windows and the
requirements of the optical and electrical
transport properties for the direct-current
operation of the EL devices. The transparent
conductive ZnO:Al layer was deposited using
DEZn, TMA and water process at low Al
doping concentration from O to 4.42 % with
the lowest resistivity of 2.38x10° Q-cm and
transmittance above 80% in the violet and

visible range, the high-k direct-current
injection layers were prepared by
alternative  ALD  deposition  of the

TiO, /Al O3 using TDMATI /TMA and ozone
with dielectric constant of above 20,
breakdown electric field above 4MV/cm, and
injection current density up to 100 mA/cm?,
respectively. The Gd-doped SiO, light
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emitting layer were deposited using
3DMAS/Gd(THD); and ozone with Gd
concentration of 2%. Efficient EL with peaks
at 314 nm from Gd** ions and peaks at 375
and 460 nm from C impurities were observed
in the EL spectra. The excitation mechanism
of the EL was attributed to the impact
excitation of the luminescent centers by hot
electrons.

AR AR T B UIRBAR AE K AR T
ST H ThyOs BT, SR I [
PROCI & 7 it MBS, ik T ALD 4
KA LA ThO8 W) T Z 56 FIH]
JRF R AR EKE% 75 To> mkkst
B2 kOt Zn:AlTIO,+AlLO04/SiO,: Th/n-Si
MOS ##F, W7t 7 BB BiR-H
JEARESE, SR T R RO GO

Rk MOS 21,
The Tb,Os; nano film was grown by
atomic  layer deposition  through the

optimization of process conditions, and the
refractive index and thickness was measured

respectively. The efficient green
eletroluminescence  was obtained from
AZO/ATO/SiO,:Th/n-Si MOS devices

fabricated wholly by ALD. The EL and
Current vs electric field characteristics for
MOS devices were researched.
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Indium borate has been prepared by a
;s_pl—gel method. The structure, morphology,

and ~ photophysics of the resultant
tocatalysts have been studied via the
Ete iques of X-ray diffraction (XRD),

transmission electron microscopy (TEM), and

26

diffuse  reflectance  U\sible  light

spectroscopy. These photocatalysts have been
used to photodegrade 4- chlorophenol. The
photocatalytic  activity depends on the
annealing temperature during preparation. It is
found that borates can exhibit a high
photodegradation activity under UV light
irradiation, for which the efficiency can be
higher than that of as-prepared TiO,. This is
explained according to the results of
fluorescence spectra and valence band X-ray
photoelectron spectroscopy (XPS). It is

confirmed by the results of time-resolved
photoluminescence decay spectra; i.e., the
lifetime of electrons and holes involved in the
radiative process can be longer for the borates
than that for TiO,. This implies that indium
borate can be a promising photocatalyst for
of

future  applications in  treatment

environment contaminants.
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Fig.13 (Left) Concentration of 4-CP as a function of UV-light irradiation

time during photodegradation with different catalysts. (Right) Images of

TEM for InBO5-1073 sample
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Nitrogen and indium co-modified TiO,

(TiO,~N—x%In) was prepared by a simple
sol-gel method. Under visible-light irradiation,
the modified catalysts exhibited much higher
photocatalytic activity for 4-chlorophenol
photodegradation than both the as-prepared
TiO, and nitrogen-doped TiO,. The structure
and properties of the resultant catalysts were
characterized by XRD, BET, XPS, UV-vis
DRS and PL techniques. It was found that
unique chemical species, such as N-O and
O-In—ClIx (x 1 or 2), existed on the surface of
the nitrogen and indium co-modified TiO,.
The surface-state energy levels introduced by
these surface species were located close to the
'valence and conduction bands, respectively,
Wthh could lead to significant absorption in

h r/mble-llght region and facilitate the
ation of photogenerated electrons and

holes. Thus, the visible-light photocatalytic
activity of TiO, can be greatly improved by
nitrogen and indium modification. We
envision the opportunities for using such a
method to develop TiO,-based visible-light
photocatalysts  suitable  for  practical
applications.
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Fig. 16. c~t curves of photocatalytic reduction of CO, into

CHa(a) and CO(b) with TiO,(P25) and SrB,04 samples.
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Sample of pure SrB,O, was obtained by
sol-gel methods. The catalyst has been used to
transform CO, into hydrocarbon fuel (CH,) in
the presence of water under UV-light. It is
found that SrB,O, can exhibit a high
photocatalytic activity for which the efficiency
can be higher than that of TiO,(P25). The
structure and optoelectronic properties of the
resultant photocatalyst have been studied via
the techniques of XRD, FTIR, TEM, XPS,
UV-Vis diffuse reflectance absorption spectra
and photoluminescence. It was revealed that
the edge of the valence band of SrB,O, was
determined to be 2.07 V(vs normal hydrogen
electrode, NHE), which is more positive than
that of E®gox (H,0/H") (0.82 V, vs NHE), and
the edge of the conduction band was estimated
to be -1.47 V(vs NHE), which is more
negative than that of E°egex (CO2/CH,) (-0.24
V, vs NHE). This indicates that SrB,O, can
exhibit a high photocatalytic activity toward
reduction of CO, into CH,.
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Fig.18 Schematic representation for energy band levels of the

N719/TiO2-Inx%/FTO film

We prepared surface-modified TiO,
nanoparticle (TiO,-Inx%) by using sol-gel
method, where x% represents the molar
percentage content of In** ions in all metal
ions (In* and Ti*) in TiO,. By using
[NaRu(4,40-bis-(5-(hexylthio)thiophen-2-yl)-
2,20-bipyridine) (4-carboxylicacid-40-
carboxylate-2,20-bipyridine)(NCS),](N719) as
the sensitizing agent, the N719/TiO,/FTO
(fluorine-doped tin oxide) and
N719/TiO,-Inx%/FTO film electrodes were
prepared. Under the solar cell structure of the
thin film electrodes, 0.5 mol-L™ Lil, 0.05
mol-L™ I,, MPN (Methoxypropionitrile) and
Pt, the photoelectric conversion efficiency of
all the N719/TiO,-Inx%/FTO film electrodes
were higher than that of N719/TiO,/FTO, and
the photoelectric conversion efficiency of the
N719/TiO,-In0.1%/FTO was enhanced by 20%
than that of N719/TiO,/FTO. We analyzed the
band structure and presence of In ion in
TiO,-Inx% samples using X-ray diffraction
(XRD) spectra, X-ray photoelectron
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spectroscopy (XPS), optical diffuse-reflection
spectra (DRS), photoluminescence (PL)
spectra and surface photocurrent action
spectra. The photo-induced charge transfer
process of the N719/TiO,-Inx%/FTO film
electrodes studied by
photocurrent action spectra. The results show
that the species O-In-Cl,(n=1 or 2)are formed
at the TiO, surface, and the surface state

were surface

energy levels of the species locates at 0.3 eV
below the conduction band of TiO,. The
surface state energy levels of the species can
effectively inhibit the recombination of
photo-generated carrier in the process of
photocurrent generation, increase the anodic
photocurrent, and improve the photoelectric
conversion efficiency of
N719/TiO,-Inx%/FTO thin film electrode
significantly. And the charge transfer
mechanism in the light-induced interfacial is
further discussed.
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ML e Fe i FR. 45 SRAIE A, 75 6 S A T H A
¥R S, TiO, B & m A = A X
RUpP,P/TIO-X/NTO 78 fis L B ' I i A 5 75
FAAEE B, IRt — PP T Rup/P
- UTIO/ITO i FELAR f1 06 F vt ™ AR AL 3L
by TiO,-5. TiO,-10 and TiO,-20 (TiO-X)

l llsuH%Ie prepared by modified TiCl,
“hyl rolyzed “have different properties on
' Yty
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surface. Then  they  were  further
surface-sensitized with the Ru(phen),(PIBH)
complex (RupyP) for Surface sensitization
film electrode of Rup,P/TiO,-5/ITO. Rup,P/
TiO,-10/ITO and Rup,P/ TiO,-20/ITO. The
measured results of photovoltaic properties of
the three films revealed that Rup,P/
TiO,-10/ITO > Rup,P/ TiO»-20/ITO > Rup,P/
TiO2-5/1TO. We analyzed the energy band
structures . properties on surface of Rup,P
and the three TiO, samples using Absorption
spectrum. Surface photovoltage spectrum.
Photoluminescence spectra and Photocurrent
action spectra; studied the photo-induced
charge transfer process with  Cyclic
voltammograms  under irradiation and
Photocurrent action spectra. The results
revealed the oxygen vacancy at the TiO,
surface was very important for the
photo-induced charge transfer process of
Rup,P/ TiO,/ITO, and further more we
discussed the photocurrent mechanism of
Rup,P/ TiO,/ITO.

& |ml-
/_N\Q | ] l‘.l'l: 1*
1,1:‘ __._g__Y-
-
& 2 =
o Tio: Rap.P

B 19 RupsP/ TiO-X/TO R RETr SE AR = Bl
Fig.19 Schematic representation for energy band levels of

the Rup2P/ TiO.-X/ITO film
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JeHFE.

Among all the methods of preparing ZnO
nanorods, chemical bath deposition is more
attractive  because  of its  excellent
characteristics. It is simple, cost-effective, can
be controlled easily and could be carried out at
low temperature. In this paper, the simple
CBD method was used to obtain the ZnO
nanofilm. The structural and optical properties
of as-grown ZnO nanomaterials on different
substrates were investigated by XRD, SEM,
PL and Raman spectrum. We analyzed the
effect of substrates on the structural and
optical properties of as-prepared ZnO. The
ZnO nanorods grown on Si, Sapphire and
glass substrates by chemical bath deposition
combining sol-gel method were hexangular
wurtzite structure and preferentially oriented
along the c-axis (002) and grown vertically to
the substrates. However, we have synthetized
tree-like ZnO nanostructure on black silicon
substrate  and ZnO  nanopieces  on
GaN/Sapphire  substrates. The  growth
mechanism of these novel ZnO nanostructures
need further study.

HIFHGAAK Ag RIORE 2 T 56 125 1M 3L PR A
Jo Bl R G s R, #1146 T AglZnO B
BRI, ST T Zn* R AgRIIKEE HL A
TR IR )55 55 A KA R B ol 2 it 1) 5
Wiy, B IR R A AR SR A ROt I P Al
ZnO IS ROGIESR LG IR 2 , AT AT A
B3 ZnO FES MR TN

What’s more, because of the surface
plasmon resonance of Ag nanoparticles which
can enhance the local crystalline field quickly,
we prepared the Ag-ZnO composite nanofilms
and studied the influence of the concentration
of reactants and the growth time on the optical
properties of Ag-ZnO nanofilms. The results
shows that the intensity of the NBE emission
peak increases while that of the blue emission

peak decreases which was attributed to the

surface Ag nanoparticles plasmon resonance.

Jilfil, 3RS T #4% 10~30nm SnO, ¥ A

' 1 '%E [TO 4K SO, K A 2 7715
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W &5k, AT 1/ E
5. FEGIK ZnO Ky Al 25 75 J7 1,
A3 T il £ 10~30nm ZnO H 4457 2 il
#&J7i%, FFEAT Tt E R HALR,
4 863 Wi H AZO HEM i 4 BL5E | F:Aill
FEVE R BB T T, K A B B
FRBROR, BRAG T AR IS F 68%
) AZO SEM AR, KR T EEF R
RIS )[R 5K, SN T T2 R4
P, N 863 i H AZO ¥ & B84E T
it

Manufacturing methods of nano
SnO, powders for ITO targets materials:
The new preparation method of
preparation 10~30nm SnO, powders
under small batch production test.
Preparation of nano ZnO powder
method: The new preparation method of
10~30nm ZnO powders under small
batch  production test. Laid the
foundations for the AZO targets
materials. Slurry forming technology:
Using new slurry forming technology
acquired a relative density of up to 68%
of AZO green, and reached the same
level of isostatic pressing technology.
Increases  the  controllability  of
technology, Laid the foundations for the
AZO targets materials.

Xt i A A i —— ik BOL R YR
RIAT T HEBRIAT A . R BIL R
R &R SR R o, B AR
B Gl NVE B RRHE, Bl B 3%
JRAAK LA 7 4 X LS5 H) 4
VF 2 U 2 BN AN FR
I HRBOSRYIE R B 4345
T E e B AR TR A ELAE A . RER
SRV H SR iR BOL R 7y 145
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5 2 b S ) iR B 3L SR B A B SR
R, HRBE R Z IR 7 —Fhok
A 71 BRI B H AL 9K S5 4 1%
1o FERATHZEA S, FATR T %
PR 2% A4 R0 I T 13 R 9 K 6 ) 2 T] 7] 9%
R, RET M =42 R Pk E
SR IE RS TR E . H ol 2
Wi T ILEC KR R 5 RBILERY
() AR ELAE F A0 32 B LART 0 B 4 4 45
Al R

We mainly focused on
computational and simulation studies of
typical soft matter, block copolymers.
The typical result we obtained this year
is shown as following: Block
copolymers are a class of soft matter that
self-assemble to  form  ordered
morphologies at nanometer scales,
making them ideal materials for various
applications. The self-assembly of block
copolymers is mainly controlled by the

31

monomer—monomer interactions, block
compositions and molecular
architectures. Besides intrinsic
parameters, placing block copolymers
under confinement introduces a number
of extrinsic factors, including the degree
of structural frustration and
surface—polymer interactions, which can
strongly influence the self-assembled
morphologies. Therefore confinement of
block copolymers provides a powerful
route to manipulate their self-assembled
nanostructures. In this review, we
discuss the relationship  between
confining conditions and the resulting

structures, focusing on principles
governing structural formation of
diblock copolymers under

two-dimensional and three-dimensional
confinement. In particular, the effects of
commensurability condition,

surface—polymer interactions, and
confining geometries on the
self-assembled morphologies are
discussed.
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9t R B T HTOES/ Weak Light Nonlinear Optics and Quantum Coherent Optics

TN VR

A T7 1] 2 EETT R AN A R ) A S Ot
Y EEMOGIRE SN BEraRLiE
J6 s KR PRI UG AR S
WSS T R T . 2012 AR AT A 4k
KRBV 3L, FEEBSU TR

The main research topics in this group
are fabrication and optic properties of
nano/micro-structure, nonlinear optical
manipulation and its applications, quantum
nonlinear optics, ultrafast detection and
analysis by using fs technology and
photorefractive materials and nonlinear optics.
We published 31 papers in various academic
journals. The main research progresses in
2012 are as follows.

BT 2 RWHR B4 Urbach 47 2
WRWSCRRARE , FRATHT I 1 45 B te IR A i A4 )
FAHEAE TR ISR S5 . 505RY, B
BEPEIR A R A B 22 PR E AR T LR A LA
WSt i ARG RO F O TR
BRGNS 2 IR BRAE RN, 55 &
WHIPOCIRG B BRI L B — B X —45 R
25t T 15 B R B AR RIS 320 A B
HOGCHUR B Tz L FE BE AT 9 ) 3 A
TOALIE], 5 TR e R dp AR AE JE LMD
7 TH B N B B A R

Based on the Einstein oscillator model
and the Urbach rule, we study the
electron-phonon interaction and the band-edge
structure of LiNbO3;:Mg. We report on the
concentration threshold behavior of the
Einstein  oscillator, the electron-phonon
interaction, the band-edge absorption, and the
light-induced small hole polarons O™ in
LiNbO3;:Mg  crystals  with  increasing
Mg-doping concentration, which is in
accordance with the optical-damage resistance
concentration  threshold. The result gives a
Ifwmental microscopic mechanism of the
¢ Hcancgntration threshold behavior related to the

band-edge optical properties and the
light-induced charge transport of LiNbO3:Mg
crystals, and is helpful to optimize LiNbO; for
applications such as nonlinear optics.
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Fig. 1 (a) The temperature dependence of the effective band energy gap of the
pure congruent LiNbO3. The dependence of (b) the fundamental band gap at 0
K, (c) the average energy of the Einstein oscillator, and (d) the strength of the

electron-phonon interaction on the Mg-doping concentration, respectively.
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Fig. 2 Schematic diagrams of the band structure and energy levels of various
effective defect centers in the lightly (a) and highly (b) doped LiNbOs;:Mg

crystals, respectively.
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Fig. 3 Experimental scheme for the two-photon superbunching

of thermal light..
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Fig. 4 Two-photon superbunching effect of thermal light.

We  demonstrate  the  two-photon
superbunching effect of thermal light via
constructive  multiple  two-photon  path
interference, showing the possibility of
controlling the bunching property of thermal
light in a linear optical system. By inserting
n-pairs of mutually first-order incoherent
optical channels cascadingly into the

~traditional Hanbury Brown and Twiss (HBT)

interferometer, the two-photon bunching

Ipwjjto-background ratio of thermal light can
be i E':reased by upto 2x1.5", surpassing the
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theoretical upper limit of 2 for a traditional
HBT interferometer. Experimentally, the ratio
was measured to be 2.4+0.1 when one pair of
optical channels was inserted. Such a scheme
can be viewed as a prototype of a two-photon
grating.

AT R g A (AOTR) HHE
U AGAE FANHE TR O £ B g 5 L O
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Fig. 5 The experimental corfiguration of the tunable add/drop channel
coupler. Lag is the length of AO interaction region, Lc is the length of
evanescent wave coupling region supported by a low-index MgF,

substrate and dipped into a refractive-index-matched liquid.

We report a tunable add/drop channel
coupler based on an acousto-optic tunable
filter and a tapered fiber. The coupling
efficiency and central wavelength of the
add/drop channel coupler are tunable by
simply tuning the power and frequency of the
driving radio frequency signal. Further
possible improvements on the configuration
are also discussed. Compared with the
structure based on long period fiber gratings,
our configuration is of much faster tunability.
Such add/drop couplers are very useful for
coarse WDM applications.
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Fig.6 The dependence of the relative delay (solid curve) or
advance (dashed curve) on the position of the nonlinear
medium with (red curves) and without (black curves) the

resonant Fabry-Perot cavity.

A technique to
transverse-modulation-induced relative delay
of light in nonlinear media through the

improve  the

combination of an optical nonlinearity and a
resonant Fabry-Perot cavity was introduced
and theoretically demonstrated in ruby as an
example. The introduction of a resonant
Fabry-Perot cavity can improve the relative
delay by orders of magnitude. The techniques
of resonant improvement of the group delay of
light may have potential applications in optical
information processing and optical
communication network.

AT TT T —Fh I T & 5 B3
W Z hRER AT, XAEF AT A
530 AND, OR, XOR, 5 NOT PU#i% 4
&, BNRST RS R A2 o =
NI R A 1 H) — T 5 N Rk o
' A novel design of ultrasmall

multifunctional Boolean logic gates is

'IMsed in our work. This interferometric
|

ic 'device is based on coupled metal

waveguides. This structure is theoretical
analysis and logic performances are proved by
using finite-difference time-domain (FDTD)
method. The single device can perform
individually four different kinds of basic
functions: AND, OR, XOR, and NOT
operations. The device with extremely small
feature size is an attractive candidate for high

density nano-photonic integrated circuits.

©
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Fig.7 Simulated time-averaged intensity of Hy distributions in the
logic device when optical signals are launched into one or more of
the three MGWs.(a)-(c),only one waveguide is turned on; (d)-(f),

only one waveguide is turned off; (g), all waveguides are turned

on;(h) the structure of the logic gates.

TABLE |

The truth table of AND gate with I, = 1.

Input Output
Output logic
intensity intensity
value of Wy
I2 I3 0,
0 0 0.10 0
0 1 0.10 0
1 0 0.035 0
1 1 0.26 1

FZ1, HJ1,=18, AND [THIEEE.
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TABLE Il

The truth table of OR gate with I, = 1.

Input Output
Output logic
intensity intensity
value of W,
I I3 0,
0 0 0.014 0
0 1 0.18 1
1 0 0.41 1
1 1 1.01 1

FI,41L,=1K, ORIITHMEME.

TABLE Il

The intensity and the truth table of XOR gate

with I, =0.
Input Output
Output  logic
intensity intensity
value of W3
P} I3 03
0 0 0 0
0 il 0.19 i
il 0 0.22 Tk
1 1 0.0030 0

FZNL,241,=0/F, XOR [IHEMEE.
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Fig.8 The top viewed SEM images of nanonoodles clusters SERS
substrates, (a) to (f) are the SEM images of Substratel to Substrate6,
respectively.
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Fig.9 (Color online) (a) SERS spectra of 1X10° M R6G solution on

25nm, 55nm, 90nm, 130nm, 180nm ARk il

Substratel, Substrate4 and Substrate6; (b) The enhancement factors of
Substratel to Substrate6 for the characteristic Raman peaks of R6G,

610cm™?, 1186 cm™, 1306 cm?, 1358 cm™, and 1505 cm™, respecitvely.

A large-area low-cost and ultrasensitive
surface-enhanced Raman scattering (SERS)
substrate fabricated by soft-lithography and
ion beam sputtering deposition is described. A
batch nanofabrication method is developed to
create ordered array PolyDiMethylSiloxane
(PDMS) nanonoodles cluster structure by
soft-lithography ~ with  bi-pass  anodized
aluminum oxide (AAO) membrane using as
replication template. Depositing 50nm Au film
onto the cluster template, ultrasensitive SERS
substrate is fabricated. Raman enhancement
factors of different diameter nanonoodles
cluster substrates, which replicated from
different pore diameter AAO, are measured.
The results show that remarkable Raman
enhancement is present for all the SERS
substrates, the enhancement factor increases




5
i

Annual Report 2012

with the increasing of the nanonoodle
diameter dealt with in our experiments and a
highest enhancement factor larger than 2.14 X
10’ obtained. The strong Raman
enhancement is attributed to the existence of
plenty nano-gaps constructed between the
PDMS nanonoodles. This work provides a
method to produce highly Raman-enhancing
SERS substrates for potential applications.
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Symmetry breaking in gold nanoshell (or
multilayer nanoshells) can supply many
interesting optical properties, which has been
studied in gold nanostrucutres such as
nanocup, nanoegg, and core offset
gold-silica-gold multilayer nanoshells. In this
work, the optical extinction properties of the
perforated gold-silica-gold multilayer
nanoshells are studied by the discrete dipole
approximation method simulations and
plasmon hybridization theory. The extinction
spectra of these particles are sensitive to the
orientation of the particle with respect to
polarization of the light due to the symmetry
breaking. Because of the coupling of the
plasmon resonance modes between the inner
gold sphere and the outer nanocup structure,
the = perforated gold-silica-gold nanoshell

m_des the additional plasmon resonance
'ip?-_ d an_d an ‘even greater spectral tunability

is

i
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comparing with the nanocup of similar
dimensions. By changing the geometry of the
particles, the extinction peaks of the particles
can be easily tuned into the near-infrared
region, which is favorable for biological
applications. The local refractive index
sensitivity of the particles is also investigated,
and the multiple extinction  peaks
simultaneous shift is found as surrounding
medium is altered. The perforated

gold-silica-gold multilayer nanoshells may
provide various applications ranging from
angularly
Sensors.

selective filters to biological
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Fig.10 Multilayer nanoshells structures and the corresponding

extinction spectra

We also studied the optical extinction
properties of Au nanoshell with two holes by
the discrete-dipole approximation method. We
found that the extinction spectra of the
nanoparticles are sensitive to the angle
between the polarization vector of the incident
light and either symmetrical axis of the hole
on nanoshell and also the sizes of two holes.
The nanostructure we proposed provides the
additional dimensional angularly selectivity of
the optical properties and the plasmon
resonances redshift comparing with the
nanocup. In addition, the conception of the
“two-dimensional” symmetry breaking of the
nanoparticle is suggested which can induce the
two-dimensional spatial asymmetry of optical
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properties of nanoparticles.
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Fig.11 Transmission spectrum of slit on the depth of the embedded
groove, here L=1um,d=50nm. The real line. dash-dot line and dot line
show the transmission spectrum of slit when the height of the embedded

grooves are Onm, 125nm and200nm
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Fig.12 Schematic illustration of the distribution of the z component of the
magnetic density in the slit embedded with a groove inside. (a) incident
wavelength 2=1510nm, h=75nm ; (b) incident wavelength 2=900nm,

h=200nm ; (c) incident wavelength 2=1100nm, h=200nm.

The subwavelength metal slit changes in

its transmittance properties if embedded with a

.~ groove inside. Red-shift, blue-shift or no shift
" "may happen. In this work, we study the
'I ndence of the transmission spectrum of

h the depth of the embedded groove by

e ¥ R ——— o
1 4 1
' "
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using the Finite Difference Time Domain
method. Comparing with the results from
cavity resonance mode theory, we find that the
shift situation of the subwavelength metal slit
comes from two reasons, increase in the cavity
length and the increase in the resonance mode
number. The spectrum changes, such as
blue-shift, are the hybrid results of the
increase in both of the mode number and the
cavity length.
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Fig.13 Scheme of metallic nanoslit array with perpendicular cuts.
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Fig. 14 Electric field of transmitted beam after slit array with

cuts (a) focusing (b) deflection.

Beam manipulation by metallic nanoslit
arrays with perpendicular cuts inside slits was
investigated numerically. The simulated
results performed by finite element method
(FEM) show that perpendicular cuts with
different heights can modulate phase
retardation of the transmitted light through the
slits. With the proper distribution of cuts
height, a focused beam is achieved in our
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metallic  nanostructure  with  four-time
amplitude at the focus point and half focal
length compared to a slit array without cuts
inside. By using asymmetric distribution of
height amplitude, a beam deflection around 6°
can be also realized in our design.
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Fig.15 Numerical (a-d,el-gl) and experimental (e2-g2) results of
symmetry-breaking diffraction of elliptical multivortex beams in a
hexagonal lattice. (a-d,el-g1) display the output intensity patterns at
z=400 (about 5.3 cm in experimental condition) with the centers of the
input beam marked by the white crosses, where the insets show the input
beams and the distribution of the power spectra at the M point; (e2-g2)
show the corresponding experimental output light intensity patterns after

propagation in a 2cm-long SBN crystal.

We demonstrate both experimentally and
numerically linear symmetry-breaking
diffraction and nonlinear dynamic
self-trapping of an optical beam in hexagonal
photonic lattices. We show that a stripe

! tivortex beam undergoes asymmetric
hlijﬂ: a;r diffraction, but evolves into a moving
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self-trapped beam under a self-defocusing
nonlinearity. Fine features of
symmetry-breaking in diffraction of elliptical
multivortex beams are also observed and
discussed. Our findings bring about an
approach to control the flow of light with
periodic photonic structures.
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Fig 16. Experimental observation of the self-shifting Bloch modes in
light-induced hexagonal lattices. (a) Input profile (top) and linear output
without lattice (bottom); the inset shows the k-space spectrum. (b)-(d)
Output beam profiles (bottom) in the anisotropic hexagonal lattices (top)
under different bias conditions; insets depict the corresponding calculated
lattice index profiles.

We study controllable self-shifting Bloch
modes in anisotropic hexagonal photonic
lattices. The shifting results from a deformed
band structure due to deformation of the index
distribution each unit cell. By
reconfiguration of the index profile of the unit
cell, the direction in which the Bloch modes
move can be controlled. Our theoretical
predictions are experimentally demonstrated
in hexagonal lattices optically induced in an

in
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anisotropic nonlinear crystal. These wave
phenomena are expected to occur in other
periodic systems with similar symmetry.
FATBL R AN SIS BT T T A BRI BT
3B G RAE AR 2 M D' 4 28 o 4 b B B 3
PR ARE [F] I REAS DRI IR AL AR AT 9. 3R
ATRBAERRAS LR, A AHE A T2k
YEIETE TR 7 BN, Bk, 7EH
RAEARLM T 240 b= — AN GG, T
7E HHUEARLNE T 2 — A IE BRI . X
RS 3 B I AT By R B AR 6

A

LIRS

T )

{ bl N
nh b \\j 5
'j 10 & ) T ’?‘ 4
'{fl} [\1.2(0)
0 ; {
M!WJM O,BWW\J vl,'\.m—-'

17 WANEZAE T B AR LR B . (a) A1 (d) 2352 B R EAE
PR AR R i s 2 AR . (A G i R L 1 R R T
MRAGIHEIEHD . (b) A1 Ced 23552 (a) Al (d) X R 2= . (o)
O A EINEEE () A (d) FEARZ AL R 2 i 2 T 45
BT
Fig.17 Nonlinear self-accelerating  solutions under saturable
nonlinearities. (a) and (d) Self-accelerating modes under self-focusing
and -defocusing nonlinearities, respectively. (The red dashed curve
corresponds to a linear infinite Airy beam). (b) and (e) Spectra
corresponding to (a) and (d). (c) and (f) Spectral distribution during the
nonlinear propagation of the self-accelerating modes in (a) and (d),

respectively.

We demonstrate  theoretically and
experimentally that a finite Airy beam changes

its trajectory while maintaining its
acceleration in nonlinear photorefractive
media. During this process, the spatial

spectrum reshapes dramatically, leading to
. negative (or positive) spectral defects on the
" initial  spectral distribution under a

F_ J:ecusing (or defocusing) nonlinearity.
¥ U 1no;n|inea|" control may be applicable to
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nonparaxial accelerating beams, and may
prove useful for exploiting these beams for
various important applications.
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The phenomenon of natural optical
activity is inextricably linked to chirality. In
many optically active media, chirality resides
in the left-right asymmetry of the constituent
components of the medium. For instance, a
liquid consisting of only one form of chiral
molecules, that is, molecules that are not
congruent with their mirror image, is likely to
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exhibit optical activity.

The metamaterial consists of a periodic
array of asymmetric split ring slits, which
were cut by focussed ion-beam milling
through a 50 nm thick gold film, as shown by
SEM image of the inset of Fig 1 (a). Figure 1
(b, c) illustrate the metamaterial’s linear
(low-power) optical properties for
wavelengths between 930 and 954 nm, where
the metamaterial has a plasmonic resonance
and optical activity is largest. The specific
constant of nonlinear optical activity (NOA) is
3x10 *°cm/W, which is more than 7 orders of
magnitude stronger than NOA in natural
materials such as LilO3 (10 *°cm/W), thus
transforming this fundamental phenomenon of
polarization nonlinear optics from an esoteric
phenomenon into a major effect of nonlinear
plasmonics with potential for practical
applications.
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Fig 18 (a) The setup for measurement of giant nonlinear optical activity
from metamaterials. (b, c) Optical activity in terms of (b) circular
birefringence (polarization rotation) and (c) circular dichroism
(ellipticity angle) at linear (blue) and nonlinear (red) average power
levels. Vertical dashed lines indicate the wavelength of 942 nm for

which the plasmonic resonance locates.
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Fig 19. (i) 3D fluorescence intensity image sections of a
fluorescent microsphere as test sample with the mirror M on
different positions along the optical axis. The gating time of the
ICCD is 200 ps. (ii) 3D image of the sample reconstructed from
these sections; (iii) 3D lifetime image of the sample reconstructed

from 2D lifetime image sections with the mirror M on different

a-

positions.
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Fig 20. (a) 2D fluorescence lifetime images of section (e) in Fig. 2
(i). (b) Decay curve of the fluorescence intensity; squares are
experimental data points, solid curve is a single exponential fit to

the data. The decay time is 4.1 ns.
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Fig 21. Time-resolved fluorescence spectra of the sample. The
fluorescence intensity is displayed in a pseudo-color mode as a
function of both wavelength (horizontally) and time after

excitation (vertically)

Three-dimensional fluorescence lifetime
microscopy achieved by combining
wide-field fluorescence lifetime imaging with
a remote optical refocusing method. It can
three dimensional time-resolved

is

achieve
fluorescence imaging without disturbing the
specimen. The system with a temporal
resolution of 30 picosecond, a special
resolution of 1 micrometer, and a wavelength
response from 300 nm to 900 nm, has some
applications in dynamic research for physics,
chemistry, or biology.
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The properties of surface plasmons
localized at the interface between graphene
and Kerr-type nonlinear substrates are
investigated analytically. Although the relative
propagation distance remains the same, the

h'%;_rsion of graphene plasmons may be
a ';ed_ much by the inevitable nonlinear
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effect of substrates. Specifically, the

wavelength of graphene plasmons can be

tuned by adjusting the nonlinear permittivity

of substrates.
(a)
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Fig 22 (a) Sketch of an infinitely large graphene sheet lying on a substrate;
kspp represents the propagation directionof surface plasmons; (b) the
dispersion relation (solid lines) and propagation distance (dashed lines) of
GPs with (thick lines) and without (thin lines) nonlinear contributions from

the substrate)

SR T A A SR AR D v T
K a3 BOE R A BN T 58 - BATHIAT ST
R WY R 25 't BEAE A S M 2 Hh Ok AR T 4%
BT, RIS B HOT UL T DUE A s
Wiy BRI S AN AR S OR B . 7RSI AR
TSRS OIEY, KL T R
Je3 R A SRR S B P W] LI
O Ay s M BB 1 PSR AR L oK g
P, MNTITSEBLAE BT IR B F 2 .

@ moda A, . mode A, & mode B
10" - C /_\
g : /—\\O ) [\_/O'
<
510
g
£ 10*
[n}
Y1 . — - P
v B 026N +eee E=0.46Y —— E,=0.6eV |
.
b 20 40 50 a0 100 120 140 E.=0.6eV

Photon Frequency (THz)
P 23 1 8245 PR AR T A5 BSOT IR (@) RFIZOKAER (0.2eV, 0.4eV,
0.6eV) A MBI B GG . (b)) AR SO PR 3 TH 45 BT
I3 53 A6 B

Fig 23 Surface plasmons excited by normally incident light in perfect
graphene rings. (a) Extinction areas of self-standing graphene ring with three
different Fermi energies of graphene. The dotted, dashed, and solid lines are
corresponding to EF=0.2 eV, 0.4 eV, and 0.6 eV, respectively. The inner and
outer radii of the graphene ring are 25 nm and 50 nm, respectively. The
extinction area is normalized to the area of the graphene ring. (b) and (c)
show the z-component of electric near-field of plasmon mode Al and B,
respectively. The upper figures are under top view, while the lower figures

are under section view.
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Highly tunable optical antennas in
teraherz range based on graphene
are proposed, which employ
graphene plasmons instead of traditional
metallic plasmons. The plasmon resonances of
the perfect graphene ring can be understood
with the edge plasmons in graphene ribbons.
While in the nonconcentric graphene ring, the
multipolar plasmon modes appear and
anti-symmetric mode splits due to symmetry
breaking. Furthermore, the symmetric dipolar
plasmon mode in a perfect graphene ring can
concentrate electromagnetic field with an
enhancement factor as large as 10% in terahertz
waveband, which is almost 20 times larger
than a gold ring with the same size.
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Fig 24 Generation of whispering-gallery anti-symmetrically
coupled plasmons in a curved coupled waveguide geometry
(R=1000 nm, r=30 nm, d=10 nm). (a) Schematic of a nested
ringlike waveguide with an electron beam (100 keV) traveling

through the center of the gap. (b) Energy loss probability

‘generation by electrons as indicated in (a).

Propagating anti-symmetrically coupled
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1

lpi!xons that usually cannot be excited with
i
A

42

efficiently generated by electron beams. An
electron beam is proposed as a practical
propagating  anti-symmetrically  coupled
plasmon source due to that it couples
differently to the surface plasmons than free
radiation.  Specifically, whispering-gallery
anti-symmetrically coupled plasmons with the
character of symmetrical coupled dipoles are
excited by an electron beam in a nested
ringlike waveguide, which is consistent with
the dispersion of electron excited plasmons in
an infinite-long nanowire pair.
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Main source of visible and ultraviolet
(UV) light is the nuclear fusion reactor in the
middle of our solar system. Although certain
skin diseases can be healed by a proper dose
of UV radiation, UV light is in general
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noxious: For instance, it may cause sunburn,
photoaging, skin cancers, or immune
suppression. Several factors play an crucial
role in UVlI-induced different cellular
physiological and pathological responses. One
of them is the production of reactive oxygen
species (ROS) through a photosensitized
mechanism involving energy transfer by
chromophores to oxygen molecules. In this
study we scrutinize the effects of ultraviolet
irradiation (UVI) as well as visible irradiation
on the fluorescence characteristics of bovine
hemoglobin (BHb) in vitro. Data show that
UVI results in fluorescence enhancement of
BHb in a dose-dependant manner (Figure 1).
Furthermore,  UVI-induced  fluorescence
enhancement is significantly increased when
BHb is pretreated with hydrogen peroxide
(H,0,), a type of ROS. In contrast, green light
irradiation does not lead to fluorescence
enhancement of BHb no matter whether H,0O,
is acting on the BHb solution or not. Taken
together, these results indicate that catalysis of
ROS and UVI-dependent irradiation play two
key roles in the process of UVI-induced
fluorescence enhancement of BHDb.

Control
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25 AN K S AN RS 51 M 4T 8 [ 56 R AR AL .

Fig 25 UVI induces fluorescence enhancement of BHb in a

Intensity (a.u.)
b

dose-dependent manner. Spectra detection of BHb solution (at 365
nm excitation wavelength) after irradiation for 10 min, 20 min, and
30 min with 7 mW/cm? UV light. Black line is the fluorescence

-
spectrum without prior UVI.
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Fig 26 Temporal evaluation of the angular width of CBS cones

from a water suspension of ZrSiO4 particles.

Coherent backscattering of light from a
water suspension of zirconium silicate
microcrystals is experimentally studied.
Optically controlled weak localization of
photons is realized, which is due to the
reorientation behaviors of positive uniaxial
microcrystals induced by a linearly polarized
pump beam. Because zirconium silicate
particles are positive uniaxial microcrystals,
their reorientation behaviors are contrary to
negative ones. Our work widely extends the
materials used in the light-controllable weak
localization of photons.
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Fig 27. Scheme of the fourth order silicon Raman laser: (a) the
ring cavity and linear waveguide; (b) the wavelength transfer

process; (c) the directional coupler.

We have numerically investigated the
generation of a fourth order stimulated Raman
scattering (SRS) signal in a silicon ring cavity.
Output power saturation of the silicon Raman
laser has been observed. The influences of
effective free carrier life, length of ring cavity
and coupling ratio on the signal generation are
discussed based on our simulation work.
Finally, we put forward a double ring cavity
scheme to improve the output characteristics
of the silicon Raman laser.
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Fig 28 VMC patterns formed as radial (left) structures or

concentric rings (Right).

Rebuilding injured tissue for regenerative
medicine requires technologies to reproduce
tissue/biomaterials mimicking the natural
morphology. To reconstitute the tissue pattern,
current approaches include using scaffolds
with specific structure to plate cells, guiding
cell spreading, or directly moving cells to
desired locations. However, the structural
complexity is limited. Left-right (LR)
asymmetry often occurs in embryonic and
tissue morphogenesis. However, observation
of LR asymmetry is rarely reported in cultured
cells. Previous study showed that vascular
mesenchymal cells (VMCs) migrated along
the same angle into neighboring aggregates,
resulting in a macroscale structure with LR
asymmetry as parallel, diagonal stripes evenly
spaced throughout the culture. Here, by
working concert  with  cellular
self-organization rather than against it, we
experimentally demonstrate a method which
directs self-organizing VMCs to assemble into
desired multicellular patterns (Figure 2).
Incorporating the inherent chirality of VMCs

in
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revealed by interfacing with microengineered
substrates and VMCs’ spontaneous
aggregation, differences in distribution of
initial cell plating can be amplified into the
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formation of striking radial structures or
concentric rings, mimicking the
cross-sectional structure of liver lobules or
osteons, respectively. As opposed to allocating
cells to desired locations, the wuse of
morphogenetic activity, e.g. cell migration and
aggregation observed in embryogenesis and
wound healing, permits the recapitulation of
normal tissue architecture in a more natural
way.

45
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In this field, we mainly focused on the
preparation of nanoparticles of different sizes
and shapes and their influence on rare earth
luminescence, applied spectroscopy and
spectral instrument. This year, we obtained
some important results, they are mainly shown
as following:

i 5 O 1 9O R W R g K A gy
e o Tt O A AT BOAS T AR R
153 12 T 71k v 10 5 B I R A i e
T2, RN 100fs £ 20ns. X T
8 FhRE L, A A FLIE LI BRI H A e ot
TG A SCRRAR B R, X Tz v A e B 5 7
807 T 25 R BoR, VAR R R S T
DUAEC PR AH N 0 A 3 2 5 %, ERER (A
RIS AL BARN . RIS o8 A
RGBT A RWIESE T X — 257, If
2 i 9 Pl 82 3o 5 ) 2 T A3 38 T A
P I 2 3 R SR 71 e 7 P 00 i 22

The complete solvation response of
coumarin 153 (C153) has been determined
over the range 10™*-10® s in a variety of ionic
liquids by combining femtosecond broad-band
fluorescence upconversion and picosecond
time-correlated single photon  counting
measurements. These data are used together
with recently reported dielectric data in eight
ionic liquids to test the accuracy of a simple
continuum model for predicting solvation
dynamics. In most cases the features of the
solvation response functions predicted by the
dielectric continuum model are similar to the
‘measured dynamics of C153. The predicted
dynamics are, however, systematically faster
ﬁlﬁhose observed, on average by a factor of
'1315:_1 Computer = simulations of a model
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solute/ionic liquid system also exhibit the
same  relationship  between  dielectric
predictions and observed dynamics. The
simulations point to spatial dispersion of the
polarization response as an important
contributor to the over-prediction of solvation
rates in ionic liquids.

R R 04 7 B~ Y™ L5
Y, Ti,O7 2643, ¥4 HAE 600°C . 700°C .800°C
A1900°C 73 Al #EAT IR K ALER . (EF X S 4k
AT 38T 1 FE S TP AH  HR-4E 800°C AIT900°C
I L IR iR ZURT S U, IR A 45 B4R 47 3t
k. 22 XRD Al TEM MR A B, BEE IR K
BRI, YoTi,0, KA T AARSASEI i
SHIHZ, MHAREREZZILE 750°C.,

The Er¥/Yb*  co-doped  Y,Ti,0-
phosphors were synthesized by the sol-gel
method. Then the dry gel was annealed at
600°C, 700°C, 800°C and 900°C respectively.
The phases of the samples were analyzed by
X-ray diffraction. The samples annealed at
800 °C and 900 C are well crystallized
according to the strong diffraction. The XRD
patterns and TEM micrographs illustrated that
this kind of material would transform from the
amorphous to nanocrystalline with increasing
annealing temperatures and the transition
temperature is about 750°C.
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Fig.1 XRD patterns of Er**/Yb® co-doped Y,Ti,O; phosphors
annealed at 600°C, 700°C, 800°C and 900°C for 1 h,

respectively.
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The complete solvation response of
coumarin 153 (C153) has been determined
over the range 10™-10® s in a variety of ionic
liquids by combining femtosecond broad-band
fluorescence upconversion and picosecond
time-correlated  single  photon  counting
measurements. These data are used together
with recently reported dielectric data in eight
ionic liquids to test the accuracy of a simple
continuum model for predicting solvation
dynamics. In most cases the features of the
solvation response functions predicted by the
dielectric continuum model are similar to the
measured dynamics of C153. The predicted
dynamics are, however, systematically faster
than those observed, on average by a factor of
3-5. Computer simulations of a model
solute/ionic liquid system also exhibit the
same relationship  between  dielectric
predictions and observed dynamics. The
simulations point to spatial dispersion of the
polarization response as an important
contributor to the over-prediction of solvation
rates in ionic liquids.

B2 Er /YD 445 Yo Ti,07 76 700 C B K AR F AR (ab),
800CiB-k (c,d,ed Fl 900 CIRKMYLKE (F) AFIHCK A
Hit TEM Bl
Fig.2 TEM micrographs in various magnifications of Er**/Yb**
co-doped amorphous Y,Ti,O7 annealed at 700°C(a and b) and
nanocrystalline annealed at 800°C (c, d, and €) and 900°C (f),
respectively.
"J“"J G T ErIYDST 355 YLTi0; IR
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Fig. 3 Energy level diagrams of Er** and Yb**, as well as the

proposed PL processes under 975 nm LD excitation including

non-radiative multiphonon relaxation, ET and EBT (doted

lines: non-radiative multiphonon relaxation).

= = = 659nm emission
1., 1528nm emission

Intensity(a.u.)

350 400 450 500 550 600 650 700
Wavelength{nm)

el 4. 800°CIE K H Er*'/YD* H35 YoTioO7 49K ik i (K R
W, KA S 5179 659nm A1 1528nm.

Fig.4 Excitation spectra of Er*/Yb® co-doped Y,T,O;
nanocrystalline sample annealed at 800°C when the emissions

wavelengths are fixed on 659 nm and 1528 nm.

The luminescence  mechanism  and
influences of the annealing temperature, and
the lattice structure on luminescence spectra of
Er¥*/Yb* co-doped Y,Ti,O;were discussed.
The mechanism of NIR and UC PL, and the
changes of the PL intensity with annealing
temperatures were also discussed in detail.
The intensity of UC emissions continuously
with increasing  annealing
temperatures, but the intensity of NIR

emission increases initially and then falls

increases
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down after 800°C. The EBT process
extraordinarily contributes to the population of
*l13(Er*") state and the red UC emission, and
further causes the saturation of “l;5,(Er**).
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Fig. 5. UC emission spectra of the precursor glass and GC.
By high-temperature melting method,
Yb** /Er** /Tm** co-doped phosphate glass
was synthesized. After annealing the precursor
glass, the phosphate glass ceramic (GC) was
obtained. By measuring the X-ray diffraction
(XRD) spectrum, it is proved that the
LiYbP4O1; and LigP¢O15 nanocrystals have
GC. The

up-conversion (UC) emission intensity of the

existed in the phosphate

GC is obvious stronger compared to that of the

glass.
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processes. The phenomenon implies that a
three-photon process has participated in the
population of the two green emissions.
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Fig. 7. (a) Spectral cross-section superposition between the
fundamental “*lis, — *F7, absorption of Er** and Gs— *Hs

emission of Tm® in the glass, (b) Spectral cross-section

superposition between the fundamental *Hg—'G, absorption of
Tm* and *Fr—"l15, emission of Er¥* in the glass, (c) Spectral
cross-section superposition between the fundamental *I35,—*lo2
absorption of Er®* and ®H,—>Hs emission of Tm** in the glass, (d)
Spectral cross-section superposition between the fundamental *Hg

—3H, absorption of Tm** and *lg/,—“15/2 emission of Er®* in the

glass.
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We discuss the energy transitions of Er®*
and Tm*>". The results indicate the energy
transition of Tm** to Er** is very strong in the
GC, which changes the population mechanism
of UC emissions of Er**.
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Fig.8 Experimental results (a, b NSOM result image, c, d
Raman Mapping result image) .

The research team continued to carry out
the research on SERS. The surface plasmons
properties on gold film composed of inverted
square pyramidal pits were investigated. The
near-field scanning optical microscopy image
showed that the surface plasmons were mainly
located in the cavity of the pits; this is
consistent with the mapping image obtained

using the Raman scattering intensity of

i;' o iRhodamine 6G. The calculation results
d T [ L3
) ,ébtaihed by using the finite element method

-l

wed that the electric field mainly located in
,Fyrqmidamp.its and the field distribution
not affected by the adjacent pits around it.
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Compared with the single pyramidal pit, the
localized electric field intensity increased in
the condition of the structure array because of
the surface plasmons coupling effect.
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Fig. 9 The light path diagram in the spectrometer.

10. JGIEACAILIE
Fig.10 The photo of the spectrometer .
Our
spectrometer.

first
Optic

our
UV-VIS  Fiber

Spectrometer is mainly composed of a sensor
(linear CCD array) and a spectral module
(concave grating). All the optical components

group manufactured
The

are fixed on the optical bench. The
spectrometer can work stably equipped with a
entrance slit (option) or a fiber. It has the
characteristics of high measurement speed,
high  measurement precision and high
communication speed (USB 2.0). It is widely
used in the laboratory. And also it is used in

the OEM spectral measurement devices.
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The research team continued to carry out
the research on near infrared spectrometer
development. Associate Professor Xiao-Xuan
Xu participate in  Xiangshan  Science
Conference Section 446 - "Key technique,

50

application and development strategy on Near
Infrared Spectroscopy in China" held by the
Ministry of Science and Technology and the
Fourth Near Infrared Spectroscopy Academic
Council (2012). And he reported at the
meeting with the topic for "The new progress
of near-infrared Raman  spectroscopy
application”.
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He37 i % K H B B /Manipulation of Optical Fields and Its Application
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In this field, we mainly focused on the
generation of the new optical fields such as
vector fields and optical vortex by continuous
wave and femtosecond pulse; the focusing
engineering, the nonlinear effect, the micro
manipulation and fabrication by the new

optical fields. This year, we obtained some 2 SRR AR EIIA ML AT
respective results as foIIowing. Fig 2 Experimental measured collapsing patterns of hybridly
3 WIPBOGTE Kerr AR sFL S AEDS polarize light led.
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Scientific Reports 2, 1007 (2012). Fig 3 Theoretical prediction by Cross-coupling model.

Intensive femtosecond laser would
inspire nonlinear  filamentation  when
propagate in Kerr medium, which has

important application in many branches of

P-VF with Noise

physics such as strong field physics, materials

A-H

processing. However, suffering form the
complex underlying mechanism especially its
sensitivity to random noise, the filamentation

process is still hardly controllable. We study

@
=
o
=
=

=
L
=

the collapse behavior of a hybridly polarized

St light field, and propose a novel controlling
T T B LR SRS R 1.

' 1 Numerical simulated collapsing behavior of several
Icl S| Ilghtflelds

mechanism:  regularizing the  medium
nonlinear response by engineering the spatial

polarization structure of light field. Following

51
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this idea, the nonlinear filamentation process
can be well controlled. A cross-coupling

model is also proposed as a theory

interpretation.
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nonlinear optical responses of
semiconductor quantum dot-polymer”
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Michael . :
BRI 4 2L n A Py
8. Meingassner L b ) RN fii A 2012.8.28-2012.12.31 SVERTR
Robert A. - R Associate Dynamics of Microstructural TAEVT I
o Wickham ISR Ll et CUE Professor | Transitions in Block Copolymer Melts AUl Pz
. . . Plasmonics, Metamaterials and Their s
10. X1 FE 4 % [H Cali f:)Jrrrl]li\;erSsga/ I(Z))];e o P'Ar‘oslf;gnrt Applications in Active and Passive 2012.11.13-14 E;Ezli
’ g Light Manipulations FANIL
“Plasmonic keys” under
‘ Swinburne University \ three-dimensional TAEV A
25 5] 5 N i -
1. S A of Technology R orientation-unlimited polarization 2012.11.23-25 ERAT
nanoscopy
. . A = Alignment of Carbon Nanotubes in B
12. Giusy Scalia 36 [E LB IR K2 BhER 4% ol Gl 2012.11.28-2012. 12.1 | *ARA¥
s g VRO . ARV
13. BEIRAE 5V S N HI% Metal Enhanced Fluorescence 2012.11.30 2oy
- JIL
14. L. Jay Guo ES1E| BEAR K2 ¥z 2012.11.3-2012.11.4 2EARAZR
15. Eric Plum i [H] B 22K P Reconfiguring Photonic Metamaterials 2012.12.9-12.11 RS
-+ /IN2CAIL
Kevin  F. . . . Programme Manager for Photonic TAEVT 1)
E3 AL K 2 T = . . =
L MacDonald Sl LES LIPS LR Metamaterials, Senior Research Fellow AUZ 2121 2R
" Unraveling molecular behavior SN
17, | DanaC. U yhgrop Y TRIEF ST I through multidimensional ultrafast | 2012.12.19-2013.18 | 1T 41
Pinzon - : PRI
optical spectroscopies
: Harnessing light through nano- and o
18. AI%?)TSJ: = PHEEF 6T BHEEBE I P micro-structuring of materials for 2012.12.19-2013.1.8 ;;Eg E
JIL

sensing and light-harvesting
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19. Blaz Tasic | #i&CJB WKy RERIE ST T fii A 2012.12.3-2013.2.5 EAERE A
H Rl oK 2 [ i = . L v
20. SV?;;?AZY/A' %% B E'ﬁﬂjiiﬁ bt HIR Femtosecond laser filaments in air 2012.8.3-2012.8.8 2R
Alexander P BEC phenomena and coherent effects
21. Alodiants 1% Hr IR HAK IR K EE iz with atomic polaritons trapped in 2012.8.3-2012.8.8 2RISR
! microstructures

Alexey O. < i3 S T - Laser forming of thin films with i FYRION

22 Kucherik EEgl ETE S s Az controlled morphology 2012.8.3-2012.8.8 FARI
Coherent population trapping
T M e resonances in alkali-atom
23. Alexey R LEE o s HIR vapors:principles, theory and 2012.8.3-2012.8.8 2R
Taychenachev P L .
applications to atomic clocks and
magnetometers
24 Alina 5 45 A AR o i Laser-induced chemical 2012.8.3-2012.8.8 B2 R ey
' Manshina 7 - = transformations = o o
Influence of metal spherical

Vladimir ' SRR 2 [ BRI nanoantenna on the resonance .
# Pt 2 R PRS2
2. Pastukhov L2 Hy s fluorescence spectrum of two-level QUL AN FARZH

atoms

Andrey A 8 Iy S YNESE e O e New approach to calculation of far [
26. Pavlov 2 il WA e 2012.8.3-2012.8.8 2RI

Anton \ SRR S E BRIEOE Efficiency of organic solar cells as a .
# z3 X )
2" Nadezhdin R HL AL function of their size AU LA 2 HEARB
28 Sergey 5 15 R 2 2 1A Dynamical diffraction of femtosecond 2012.8.3-2012.8.8 )
' Svyakhovskiy ” 1 ¥ ) laser pulses in 1D photonic crystals o - !

Wacheslav s i 4 W% Wkt B os ) e Coherent addition of parametrically ) o
i Leschenko [ i pes amplified femtosecond pulses 2012.8.3-2012.8.8 FARI
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Development of the cooling laser with

N HE R 2% =2 5l
30. S wopy | PEIREREOEN | doubling cavity for an ytterbium 2012.8.3-2012.8.8 2 ARTE
Kuznetsov T
standard
Anastasiia ; . Photoinduced phenomena of Au-Ag oote
H e E {5 2 = Y/, RV
31. | povolotekai HEg EPAG RS A reduction from solution 2012.8.3-2012.8.8 EARAE R
Evgeniia The study of surfactants influencing
32. Kha?rullina 12 A AFE R A laser induced copper deposition 2012.8.3-2012.8.8 AR

process
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Hi5 N\ 7 44 B /Personnel exchange Researchers List
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[ 5 Bk o o . .
oy | B T RRREERGL | VN | R
552 HiX
| owe | POM O mmer B30 20124 | A1EDF
BRI .
o | moir | VX s Hpz 2012.7.9-2012.7. | o
Je 31
3| WOE | ME | mk g | OO0 e
o | TR | xE | mEmmaks | wpm | PR e
5. | kg | B | SURKE gig | COI0P0S  aray
6. | S e | fEE | BRI HH7 2012.7.20-7.29 'YP%TE“
52l
7. | & o Z{EE B b e 47 2012.7.15-7.20 | 43 ge
8 ® g E1)is B LR A iz 2012.4.30-5.8 | WyH %
WF R AR FlE it /Personnel exchange Students List
FF BB - A A/ g .
B w4 LI B Bk H 7 B 1] HHM
1. E&0r & [ T 2 R 4 | 2011.4-2012.2 | S1EWFS
2. Tk EH Rice University 4 | 2011.4-2012.6 | &1EHT
Martin-Luther
gt gk o4l s ] University, 44 | 2012.4.1-7.29 | &1
Halle-Wittenberg
4. KA 1 [ SN A4 D0192:1 BE S
Rutgers, The State
5. x| EH University of New | {4 2012.9 Bitt
Jersey
LG ST 2 AR
6. ® & £ /ﬂéﬁﬂl_L*j;%E/%ﬁ A 2012.10 ok
e
. = % H LSRR A | 2011.7-2013.7 | BESS
m 513 N\ 742 H./New Staff
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ERN. EFrLiIReE/Talks at Conferences

10

11

12

13

14

Huitian Wang et al. “Vector Fields and their Novel Properties”, Frontiers in Optics 2012,
Rochester.USA , 2012.10.14-18, (invited talk)

Jiaming Sun, “Manipulation of the light emission from Er-doped Si nanoclusters in SiO,”.
The 4th Sino-German Symposium, Berlin, Germany, Sep 18-23 (2012). (Invited talk)
Guoguan Zhang, Fang Bo, Rong Dong, Jingjun Xu, “Phase coupling and control of light
speed in photorefractive media”, International Conference on Coherent and Nonlinear Optics,
St. Petersburg, Russia, May 11-15(2005). (invited talk)

Fang Bo, Lei Xu, Jie Wang, Guoquan Zhang, and Jingjun Xu, “Active chromatic control and
resonant improvement on the transverse-phase-modulation-induced group delay of light”,
2012 Photonics Asia, Beijing, China, Nov 5-7(2012) (invited talk).

Yongfa Kong, Shiguo Liu, Jingjun Xu, “Optical damage resistance and light-induced domain
reverse in doped lithium niobate crystals”, The 2nd Russian-Chinese Laser Physics
Symposium, Moscow, Russia, Oct. 26-31 (2012). (invited talk)

Feng Song, “Erbium heavy doped glasses and fibers for lasers”, The 2nd Russian-Chinese
Laser Physics Symposium, Moscow, Russia, Oct. 26-31 (2012). (invited talk)

Qiang Wu, Ming Yang, Zhandong Chen, Jingjun Xu, “Femtosecond laser microstructured
silicon: principles and applications”, 2™ Russian-Chinese Laser Physics Symposium,
Moscow, Russia, October 26-31 (2012). (invited talk)

Fan Shi, Xuanyi Yu, Xinzheng Zhang, Pidong Wang, Yongfa Kong, and Jingjun Xu, “Visible
tri-wavelength upconversion luminescence macroporous LN:Er with submicrometer transport
mean free path”, The First Taishan Academic Forum in Advanced Materials-University of
Jinan, Jinan, China, March 03-05 (2012) (invited talk)

Yongfa Kong, Jingjun Xu, “New progress in optical damage controlling of lithium niobate
crystals”, The 2nd Chinese-Russian Workshop / Youth Summer School on Laser Physics,
Fundamental and Applied Photonics, Tianjin, China, Aug. 3-8 (2012), p17-18. (invited talk)
Feng Song, “Erbium-Ytterbium co-doped fiber lasers with high concentration and high gain”,
The 2nd Chinese-Russian Workshop / Youth Summer School on Laser Physics, Fundamental
and Applied Photonics, Tianjin, China, Aug. 3-8 (2012), p17-18. (invited talk)

Baohui Li, “Conformation transitions and scaling behavior of a strongly charged
polyelectrolyte chain: A replica-exchange Monte-Carlo study”, East Asia Joint Seminars on
Statistical Physics, Suzhou, China, March 17-20 (2012). (Invited talk)

Baohui Li, “Scaling behavior of a strongly charged polyelectrolyte chain: A replica-exchange
Monte-Carlo study”, Workshop and Summer School on Coulomb Many-body System,
Shanghai, China, June 12-14 (2012). (Invited talk)

Zhigang. Chen, “Spatial nonlinear dynamics in photonic lattices”, International Workshop
“Nonlinear dynamics, theory and experiment”, PUEBLA, MEXICO, Feb 2012.

Zhigang. Chen, “Optical control with Airy beams and the like”, International workshop on
“Novel trends in nonlinear photonics”, Montreal, Canada, Feb, 2012

E ilm Qiang W, Yinxing Ma, Shangyu Guo, Jingjun Xu, “Optical refocusing three-dimensional

+ ‘Wide-field fluorescence lifetime imaging microscopy”, 2™ Chinese-Russian Workshop /
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16

17

18

19

20

21

22

23

24

25

26

27

Youth Summer School on Laser Physics, Fundamental and Applied Photonics, Tianjin, China,
August 3-8 (2012). (oral presentation)

Lei Xu, Yi Yin, Fang Bo, Jingjun Xu, and Guoquan Zhang, “Linear and nonlinear localized
modes in the width-disordered one-dimensional waveguide arrays” 2012 Photonics Asia,
Beijing, China, Nov 5-7(2012) (oral talk).

Zhaohui Zhai, Jingjun Xu, and Guoquan Zhang, “Transfer of Topological Charges in an
Electromagnetically Induced Transparency Solid,” in Conference on Lasers and
Electro-Optics (CLEO 2012), San Jose, California, USA, May 5-11, 2012 (oral talk).

Peilong Hong, Jianbin Liu, and Guoquan Zhang, “Two-photon super bunching of thermal
light” Frontiers in Optics (FiO) 2012, Rochester, NY, USA, October 14-18(2012) (oral talk)
Lei Wang, Wei Cai, Xinzheng Zhang, Jingjun Xu, "Surface Plasmons at the Interface
between Graphene and Kerr-Type Nonlinear Medium", The Sixth International Conference
on Nanophotonics (ICNP2012) Beijing, May 27-30 (2012). (oral)

Xu, Lei and Yin, Yi and Bo, Fang and Xu, Jingjun and Zhang, Guoquan, "Nonlinear
evolution of transverse Anderson modes of light in the disordered one-dimensional
waveguide arrays”, Frontiers in Optics (FiO) 2012, Rochester, NY, USA, October
14-18(2012) (poster)

Penghong Liu, Wei Cai, Lei Wang, Xinzheng Zhang, Jingjun Xu, “Light Excited Surface
Plasmons in Graphene Ring Structures”, FiO/LS (Frontiers in Optics/Laser Science)2012,
Rochester, USA, Oct. 14-18 (2012). (Poster)

Ming Yang, Zhandong Chen, Bin Zhang, Qiang Wu, and Jingjun Xu, “The appearance and
absence of femtosecond laser induced periodic surface structures on silicon by one laser
pulse”, The 2nd International Symposium on Laser Interaction with Matter, Xi’ an, Shaanxi,
P. R. China, Sept. 9-12 (2012). (oral presentation)

Zhandong Chen, Qiang Wu, Ming Yang, Jingjun Xu, “Plasma generation and evolution
during femtosecond laser ablation of silicon”, 2nd International Symposium on Laser
Interaction with Matter (LIMIS 2012), Xi‘an, P. R. China, September 9-12 (2012). (oral
presentation)

Penghong Liu, Wei Cai, Lei Wang, Xinzheng Zhang, Jingjun Xu, “Tunable terahertz optical
antennas based on graphene ring structures”, International Symposium on NanoPhotonics,
Beijing (2012.2.12-14)

Ying Cui-Feng, Zhou Wen-Yuan, Li Yi, Ye Qing, Zhang Cun-Ping, Tian Jian-Guo,
“Band-edge lasing and miniband lasing in 1-D dual-periodic photonic crystal”, Proceedings
of SPIE - The International Society for Optical Engineering, 8425, (2012)

Zidong Pei, Qian Hu, Yongfa Kong, Romano Rupp, Jingjun Xu, “Fabrication of lithium
niobate p-n junctions”, 2012 Symposium on Photonics and Optoelectronics (SOPO),
Shanghai, China, May 21-23 (2012). Page(s): 1 - 4, Digital Object
Identifier: 10.1109/SOP0Q.2012.6270514 .

Jiaming Sun, Qionggiong Hou, “Silicon based MOS light emitting devices fully processed by
atomic layer deposition technology”, The 1st International Conference on ALD Applications
& 2nd China ALD conference, Shanghai, China, Oct 14-16 (2012).

! IZ'B? Qionggiong Hou, Fanjie Meng, Jiaming Sun, “Electrical and optical properties of ZnO:Al

" ‘and ZnAl,0, films grown by atomic layer deposition”, The 1st International Conference on
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29

30

31
32

33

34
35
36
37
38
39

40
41

42

“ir

43

1.

a

ALD Applications & 2nd China ALD conference, Shanghai, China, Oct 14-16 (2012).

Jun Sun, Jingjun Xu, Yongfa Kong, Ling Zhang, “Progress in research on practical
stoichiometric lithium niobate crystals”, The 3rd International Symposium on Rare Earth
Resource Utilization (ISRERU-3), The 3rd Special Symposium on Advances in Functional
Materials (AFM-3), Changchun, China, Dec 9-12 (2012)

LER, XHE, XZME, FEK, KB, TRE, “BEERE SR, B+ aeE
BRI ARSI, A, (2012.7.24-28). (K&

REREF, “ITZLAM BSOS R, 2012 VUL AMEE SRS, R
(2012.9) (K£HR4)

ZEL, T A R AR RS BEAT NI 7T, R TR RINRE 45 I EE
WL B4, Ba (2012.5.11-13). (BiEHR )

PV EA, EEEE, AR, “IETEUIREARES 290K E ARG 1) & SR 5 1
RN, 0 )EEES 90K R 22 AR &3 (NMLP2012), I FIyE 4R
(2012.8.10-15) CEiEFHE)

LB R, XNEE, X8, FREK, K%, TFEE, “SMBReREsik”, $ 16 E
EESEEKSMEZE RS, A8 (2012.10.21-24) GEiEi#HkE)

X7, ke, xEE, K, FLBER, WRE, “SEIREMRAE AR S-0] WHTEi
PERERE R, FEME KL 2012, KJE (2012.7.14-16)

ki, Me R, WEE, WAk, KK, INE, LBER, WEH, WRE, R
R SR T ALY BRI 7T 7, T E AR R 2 2012, KR (2012.7.14-16)

mER, BAAH NE, WKE, RIEE, Bk, K, LBk, WFRE, “RRER
WS BRI E T, T EME RS 2012, KR (2012.7.14-16)

INEIR, Bk, REE, SR, BREN, LBER, UWRZE, “N®'E B2 KGdP,O:,
mR AR S HGE R 7, 26 16 JE e E A AEK S REEAR S, S A8 (2012.10.21-24)

R, JLEK, FIEIE, KER, ZTE, FRE, “PUNB IR SRR AL AR
HEREFL”, 6 16 JE e E R AEK SMEER S, S8 (2012.10.21-24)

s EE, B, WK, ThE, FLBE, WRE, “GET N KSi(BOs)s: Dy**, Tm*™, Eu®*
PR OGP R A BE BAL NI, 55 16 B4 E Sk K SRR S, AIE
(2012.10.21-24)

Qionggiong Hou, Fanjie Meng, Jiaming Sun, “Preparation of ZnAl,O, films by atomic layer
deposition technology”, £ PUJi 4 [E15 29K kH RO 2R 210 (NMLP2012), I
sy (2012.8.10-15) (fRAHEIRI)

HFE, FLBR, XNEME, BHRENK, WRE, “HRRERSIOLHESEE T RERYLIE S
M7, 5616 mEE A K SHEERSW, AHE (2012.10.21-24) (MEFFHEEHR A

M, LA, XILE, 255, RPN, 5Kk, T RZE, “BHERE MEAN 2 OE8E7,
F’é 16 Eé@l%%i&%ﬁﬂ%ﬁ%% AR (2012.10.21-24) (FkNEH4E)

S, FLS R BRAEAR, XL, TKEY, VFRCE, SO Ak B SR s 7,
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46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Ly

16 m el SR AEK S EEEAR S, AIE (2012.10.21-24) iR ED

geoR, X, xIEE, 5K, BRER, AE, FLEK, WEE, “YeRE AR rb
Bk [ FE AT A7, 8 16 mAaE SR E K SME#EAR S, &8 (2012.10.21-24)
CoR IR 35 )

257, BAL KB, Ehr, ILBER, WRZE, “EUC BRI KSry(BOs); L1457 ek 45
M OEYERE”, 5 16 e E SRR SMEEEAR S, &8 (2012.10.21-24) (5K
i)

FRERL, CROGTF M. Sk A7, B NEBEOCRIER N 2, BdEE A,
(2012.10.30-2012.11.3)

25, CHEEEUT IR T SO SEME S A, R E T A FOMEEF R R RS,
X (2012.11.17-18)

JEFIE, 4R, RO, 58, WRE ‘BT RS, &l
FARRIE—CEM RS B, BiEE, HEFH S (2012.10.26-28)

B, TKER, 2H0LRETTTREXCET T, B HEEEE LYW, M, 2012
7 H 14-17 H.

5RICE, BALRI, mg, SKRERG WRZE, “HE TR OG R R IR A A R A B e
W ETEEMREGES" , BTN EEEBRESCHHERS RS, #IMN, 201247 A 24
H-28 H.

oy, =i, RERL, WRE, “‘OBIHRERGERANEL” , HReEEETF ST
HVEEFERERRE, Jbal, 201242 A 8 H-10 H.

W7, BOME, B, WRZE, RER, “AESMEERE AGREE gAML, 5
ZREEET S T AMEEERERRE, B, 2012411 A 16 H-18 H.

sRICE, BALRI, mg, 5, YA, RERL CBE SNSRI A A
JERIER G AR, BT Ia e EEMD S 5 AR e, TR T, 2012 4F 12
H 14 H-19 H

Mromog, 4%, BRib, ZEEM. AN, “HBEIROLESH T BauketEmm”,
Y m e EYHEERHE AR, JbRt (2012.9) GEiEIRE)

mEM, FE, P44, Rom, skOIE, LA, YN, “6H-SIC 1R MEOLIEAT
ST, BN REEERSCEE R AT 2 (OPCM2012), Hkiiki, = EX
M (2012.7.24-28)

REMH, T8, 5=, B, RoE, SKOIE,  “FI A SCHALE ) AT B AT S AL
AR, BN EAEEERS SR AR £ (0OPCM2012), kiR, HHE
N (2012.7.24-28)

PR, MEE, KB, KOIE, WE%E, “Three-Airy beam HIHELMHRFTL” , H+
7N i 4 E SR G A M R 2 AR 42 (OPCM2012), 13Kk 35, w61 (2012.7.24-28)
G =45, B3, EH, 2L R5R, R0DIE,  “EoOE SHEATHE I T B E LB
7, B SR EERE N FE AR £ (OPCM2012), Fsk#f sy, A EEBM
(2012.7.24-28)

RIRET, 5 446 IR LBl 2 W —3R E T Z0 A6 18 43 b S B A ) 73 3 FH 5 % F s
b5, (2012.11D)

68




2012 fE g ARRMDOL T A H M A KR EAER

K 4A 40 5 HATI){EER/Academic Service

B Py AR H ZAEEH/Service to the Domestic Professional Societies

e 42 R Jil¥iva 13
] 2 8 S AR PR U 5L 3
1 VR ¢.mﬁﬁiﬁﬂﬁn A 2008-
=~
2 R W EDE S HEH 2006-
3 FRE KRBT e e [pEERIS 2010-
4 TR KA ARES [pEEERIS 2010-
. URE NP 2 [ 5 R S FfE 2009-
=
. b E AR 5T T A
6 E: 2011—2014
LEL THEAL e
7 x I KRBT HAHEERAMPK 2008.7-
x I KA ARES [EpEERIS 2009-2014
9 FH 2 [ RETEEEs WS
10 W RNETHETFES S 2006-
11 KR T IR 222 WS 2008-2012
SN N E = Ik X
12 R W 2007.6-
I e i
] of [E kR h 2 2 ik A
13 2012-2015
Lok KSHENS o
14 FilVEF B Y 2R SR 2 =R 2010—2014
15 FINFF B EEBIRYIK OGRS I 2010—2014
2] A 22 2L AN >
i o *7‘6%%::7‘65%&%( 2R —
Zins
NN E gV T
17 IRERFT N TS IRAR i AR R 2009-2013
NEFAE~
AR I 4
18 w7 N TSR FRAE AR S I 2012.9—
AR
‘ 5 JRE AR
19 Sl |2 o 2010.10-2015.12
N reaiiet By L R B
FHEEFRERE
20 H-'m& %;%\ :'ﬂ"% e TR 20114'20144
Sy o R oA
21 7 S 25 T 2 B FE R HANHHZ 2007-2011
22 K [Faplicly = IR 2008-2012
; S PI ARSI AE R/ Service to the Journals
R
. i {42, FEEHLAL HRAL 134
W = journal of Optics topic editor
YR ZE Frontiers of Physics in China Y 2008-2011
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3 xR Applied Optics YZs 2009-2012
4 I E (Cincc=2iY) Il 32 4 2008-

5 KO CR2=YEY Il 32 4 2009.5-
6 R E (LA ZRP AR S

7 TR (©7 LY iz 2007-2011
8 HRE (b= 50i9 =) Pz 2009-2012
9 FRE Chinese Physics Letters Y 2009-

10 HRE (R EDEE S R 6D iz 2008-

11 LA K CEOEHEARD iz 2010-2013
12 fLE K CN TR 4R HiZs 2012-2016
13 gk AL CHOEHAR) YZs 2011-2014
14 Tk AL (Bot5 gt T 2010-2013
15 O CIH e T 2011-
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$RIZ1E R /Awards & Honors

STV R 2 G B A AT NI T
2011 FEEREBERBER —ER
PE: FES. PN B, PR &RE. TKA

IR FH I/ Award for excellent teachers

REETH 2011 FF& “131” BB AA R LESE —EIX
Nik# . Rig

FRI 22 [Award for excellent students
HEW B REEARAL. £ OB
R E K 24

WA £ 2 £ O
it SEE REHE

PP RN ZETE: R ®
BT R el A AR AER 0T SRER
FIPRZE=024: & R

MRS

—EREe. FEEE % E OASE % dl

AR RE E 2 XM FEA BIHE EER
=ERYE: BAE Bk
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{31837/ Dissertations

1. 24 Dissertation for Doctoral Degree
[11 FAEdE, SRR ARSNGB S BRIE S BT AL 200 SREHR
[21 MEZ, SFECT UG PR S EET R B0 PRER
[3]1 R, @IRPRHEHELM GRS R Il Vet
[41 A, TFABCT RBAT NI SR, Sl s
[6] k28, WHAMEIEINBEIRE A TIOR3l ERE
[6] XK, JGIRAEFEIATEREE AR B RE A S AT 5L, SIW: dEF
[l &4, JUeE SR ARt A e Re i AL, 20l fLBEK
[8] BN, MxBOLRMBEHFAT A ERAMITAEM RN RPN . TR
[91 %Yy, ZERIAEL T W ERBOLRY LR S8R IR A R B AT R 3
Jii: BEE, FRE
[10] BEVLAF, (R4EThREARH B &R R Sl e
[11] 728, BBl REARE it G RAMR I Hl 4 . PEBURDG s L BERT 7T 00 Bk

?_‘L—:
[12] #5, 1ITO. AZO ¥b ALK RIS &5 -V iR S G &M RN A KT 5
s &FKE

[13] Z=ail, ARSI R SR RO R S % SR AL M. fREfE
[14] BE9, T WERKEBEMEMEDCRE; I £33
[15] MEHEAS, MRHOCEREIBCHA . BUETHE S MBI Sl RIE

2. HiE2Ar# 3 Dissertation for Master Degree
[ Z556k, il itk SRR B e A M BT 9T, S SKEA
[2] Y, SREREE SO B SR R S0 JKER
[B] %%, ETRESBECHETHMMEERM, S %
[4] FLAE. MaesE SN, S 7%
5] &i6 HiBSRALEMNENRETSETRTHEE: . KOE
[6] T3, HT PDMS MMM IR ROC I OB 5 SIH. St
[7] RAFF, LERWEHBENETIRE T RS ST R
[8] EXWIEE, HEEWE WA AN HE R O B ORI S Ry
[9] [, JeITAEAMT AT S R
[10] T 5%, R4 AMALIM A M IIER R ER MR, S TR
[11] W, TR AR GALORE SN ORI S Hxiz
L [2] e, ST S RONE R RIS OBT T ST
8] B, GRS & T ST X E
| |£ 4] B BRODRIE R AR ST XU
0 5] AL RS TR G 1 & L SR E A
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[16] 7kIT, WA R MO TRt W ZEH

[17] %%k, 2T & RANDER I () SL 56 515 B4 285, 3IW, A S0z

[18] Fh#esa, LT dn iR B KRR, FIW, JHs0x

[19] TkakiE, FRFREH AR A SIT: LB K

[20] XISCi, HREREE SIS ARIT N 7T i FLBER

[21] R, PRMRER S IAOCHBINE ST TT: UM FLBE K. XIEE

[22] M, SPUKRTRIRIE R CBER L S

[23] 5k, BERANYBEIEEERH R ARSI S0 &EE

[24] 5Kkir, #-LB AWK SRIER T & SO Rr I 7e s 200 XS

[25] ECHH, TN BIE PR E T B RO R ST XETGE

[26] T LA, FIH R EUUR 7 &R MOS #84Fit 7t FIf: #hF B

[27] IEHa4E, HBAE BALVERI% Er B4 SnO, WA SRR T, SIM: PAFER

[28] E =, ZnO PUKEEHHI & POt F Y mpt T, SIW: PhiLE
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In 1950, a quarter of a century after his first
ever nonlinear optical experiment when intensity
dependent absorption was observed in uranium-
doped glass, Sergey Vavilov predicted that bire-
fringence, dichroism and polarization rotatory
power should be dependent on light intensity.
It required the invention of the laser to observe
the barely detectable effect of light intensity on
the polarization rotary power of the optically ac-
tive lithium iodate crystal, the phenomenon now
known as the nonlinear optical activity, a high-
intensity counterpart of the fundamental opti-
cal effect of polarization rotation in chiral me-
dia. Here we report that a plasmonic metama-
terial exhibits nonlinear optical activity 30 mil-
lion times stronger than lithium iodate crystals
thus transforming this fundamental phenomenon
of polarization nonlinear optics from an esoteric
phenomenon into a major effect of nonlinear plas-
monics with potential for practical applications.

Since its discovery by Frangois J. D. Arago in 1811 [1],
optical activity, that is the ability to rotate the polar-
ization state of light, has acquired great importance in
spectroscopy, analytical chemistry, crystallography and
molecular biology and it is associated with the biochem-
istry of life [2]. Tt is now well understood that the effect
is linked to chirality. In dissipative media optical ac-
tivity manifests itself as circular birefringence, leading
to polarization rotation, and circular dichroism, i.e. dif-
ferential transmission of circularly polarized waves, that
yields a change of the degree of ellipticity of the prop-
agating wave. In contrast to the Faraday effect, which
causes polarization rotation in the presence of static mag-
netic fields, polarization rotation due to natural optical
activity is reciprocal, i.e. it does not distinguish between
opposite directions of wave propagation.

The dependence of optical activity on the intensity
of light was discussed by Vavilov in 1950 [3], a quar-
ter of a century after the first effect of light self-
action, the intensity-dependent absorption, was observed
in uranium-doped glass [4]. The symmetry, wave propa-
gation and quantum mechanical description of the phe-
nomenon that later acquired the name of nonlinear opti-
cal activity (NOA) was then rigorously derived [5-11].

*Electronic address: erp@orc.soton.ac.uk
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FIG. 1: Nonlinear optical activity (NOA): (a) To observe
NOA in 1979 in a LilOs crystal, intensity dependent change
of the polarization azimuth of about 0.02° was recovered on
a background of 8000° of natural rotation by comparing the
polarization state in high and low intensity channels using a
pulsed laser [12]. (b) Observation of NOA in a gold plasmonic
metamaterial along a chiral direction, where nonlinearity is
resonantly enhanced by nanoscale confinement of light. The
scanning electron micrograph shows a fragment of the gold
nanostructure (1 pm scale bar) and detailed dimensions of a
single meta-molecule.

Observation of NOA due to the fast electronic mecha-
nism of nonlinearity became possible in 1979 using a high
intensity single-mode nanosecond pulsed laser and the
natural crystal of lithium iodate that is simultaneously
a highly nonlinear and strongly optically active medium
[12] (see Figure 1a). Shortly after that, transient pump-
probe measurements of nonlinear optical activity were
performed in the chiral cholesteric phase of a liquid crys-
tal exploiting the thermal mechanism of nonlinearity [13].
Thermal NOA was also seen in optically active crystals
[14-16]. Since then nonlinear optical activity has been
observed in a number of chiral liquids [17-20]. Neverthe-
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FIG. 2: Chiral scattering in plasmonic metamaterial: Electric field magnitude |E| (color map) and instantaneous
directions of the electric field (small red arrows) inside the metamaterial gold film, for excitation with y-polarized light at (a)
normal incidence, (b) +20° oblique incidence (experimental case) and (c) -20° oblique incidence. At normal incidence the unit
cell’s total electric d and magnetic m dipoles trace perpendicular directions. No polarization change is observed in this case (a).
At oblique incidence vectors d and m trace ellipses with main axes that are not perpendicular to one another. The scattered
wave’s polarization is now different from that of the incident wave. The polarization change reverses with reversing sense of
chirality of the mutual arrangement of the incident light wave (vector k) and the metamaterial’s normal n and symmetry axis
s: scenarios (b) and (c¢) are mirror-symmetric and will show optical activity equal in amplitude but opposite in sign.

less, the effect remained challenging to detect, making
it unsuitable for routine practical applications even in
spectroscopy.

Although nonlinear optical activity in natural media
was weak, hopes have been growing that a stronger effect
could be found in artificial media. Indeed, an observation
of optical activity in artificial media (twisted jute) in the
millimeter wave part of the spectrum was reported by
J. Bose as far back as 1898 [21]. Recently, with the de-
velopment of metamaterials (periodic media structured
on the sub-wavelength scale), it has become possible to
design optimized photonic structures with specific optical
activity orders of magnitude larger than in natural media
[22-25]. It was found, for instance, that artificial circular
birefringence could be so strong, that while it is normally
a correction to the refractive index, in some metamateri-
als it makes the refractive index negative for one circular
polarization [26, 27]. Moreover, recent experiments in
waveguides revealed that a chiral inclusion containing a
varactor nonlinear element forces a strong intensity de-
pendent rotation of the polarization state of microwave
radiation [28]. At the same time, resonant local field en-
hancement in plasmonic metamaterials can dramatically
amplify the nonlinear response of hybridized materials,
such as silicon [29, 30] and carbon nanotubes [31], and
even the metal forming the metamaterial itself [32, 33].

The phenomenon of natural optical activity is inextri-
cably linked to chirality. In many optically active me-
dia chirality resides in the left-right asymmetry of the
constituent components of the medium. For instance a
liquid consisting of only one form of chiral molecules,

i.e. molecules that are not congruent with their mirror
image, is likely to exhibit optical activity. Here the best
known natural example is sugar solution where optical
activity is routinely used to measure the concentration
of the syrup. Optical activity may also result from chi-
ral arrangements of non-chiral molecules, as it may be
found in crystals of quartz or lithium iodate. Chiral-
ity can also emerge from the mutual arrangement of the
beam of light and the medium, creating what is known
in crystallography as a “screw direction”. For instance
a regular array of oriented molecules that are not chi-
ral in their own right, could make an arrangement with
a beam of light that lacks mirror symmetry and shows
optical activity [34, 35]. In general, only crystals whose
point group contains no inversion center could have screw
directions. Polarization rotation in certain crystal classes
of symmetry along certain directions is underpinned by
this mechanism of optical activity [36], which is also rou-
tinely observed in liquid crystals [37] and metamaterials
[38]. True circular birefringence and dichroism can also
be found in these cases.

Here we report that a plasmonic metamaterial exhibits
a huge nonlinear optical activity in the optical part of
the spectrum. It is 30 million times stronger than in
the lithium iodate crystal [12]. This magnitude of the
nonlinear polarization effect was achieved by combining
strong metamaterial optical activity due to extrinsic chi-
rality with strong metamaterial optical nonlinearity: in
this artificial medium the figure of merit that represents
specific nonlinear polarization rotation (°/cm) per unit
of intensity (W/cm?) is 3 x 107* °cm/W (compare with



10~ °cm/W for lithium iodate). As a result nonlinear
rotation on the order of degrees can be seen at an average
laser power level of only a few mW.

I. RESULTS
A. Optical activity due to extrinsic chirality

The metamaterial consists of a periodic array of asym-
metric split ring slits, which were cut by focussed ion-
beam milling through a 50 nm thick gold film supported
by a 500 pm thick fused quartz substrate. The overall
size of the metamaterial array is 100 x 100 pm? with a
period of 425 nm and the individual meta-molecules lack
two-fold rotational symmetry, see Figure 1b. Figure 2
illustrates the origin of chirality and optical activity in
this material for oblique incident angles. It is caused by
circular differential forward scattering of incident pho-
tons that may be traced down to the scattering contri-
butions of the unit cell’s effective electric d and magnetic
m dipole moments induced by the incident wave. It is
well known from the molecular theory that optical activ-
ity requires the molecule to exhibit magnetic and electric
responses simultaneously in such a way that there is a
non-zero projection of the induced magnetic dipole on
the induced electric dipole [2, 39]. In this case the for-
ward scattered wave will exhibit polarization rotation as
electric and magnetic dipoles will emit orthogonal polar-
ization components with a phase lag. The mechanism
for extrinsic chirality in metamaterials is illustrated by
the finite element method simulations in Figure 2 for a
single meta-molecule excited by an incident y-polarized
wave. At normal incidence the field distribution in the
unit cell of the metamaterial is mirror-symmetric with re-
spect to the y-direction. The total electric and magnetic
moments of the unit cell oscillate along strictly perpen-
dicular directions: no optical activity is observed in this
case, see Figure 2a. At oblique incidence the total in-
duced magnetic and electric moments are tracing ellipses
whose main axes are not perpendicular anymore and con-
ditions are right for the meta-molecule to scatter with a
polarization change. This polarization effect is optical
activity and it will change sign with changing chirality of
the arrangement, as illustrated by Figures 2b and 2c.

B. Measurements of linear optical activity and
anisotropy

We studied linear and intensity dependent optical ac-
tivity using a femtosecond mode-locked tunable laser
with 115 fs pulse duration and 80 MHz repetition rate.
Figure 3 illustrates the metamaterial’s linear (low power)
optical properties for wavelengths between 930 nm and
954 nm, where the metamaterial has a plasmonic reso-
nance and optical activity is largest. In general, in media
of low symmetry optical activity coexists with anisotropy
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FIG. 3: Giant linear polarization effects in a plasmonic
nanostructure: Optical activity in terms of (a) circular bire-
fringence (polarization rotation) and (b) circular dichroism
(ellipticity angle) at linear and nonlinear average power lev-
els of 50 uW (blue) and 5 mW (red), respectively; optical
anisotropy in terms of (c¢) linear dichroism and (d) linear
birefringence at 50 W average power. Vertical dashed lines
indicate the wavelength of 942 nm for which the power de-
pendence of NOA has been studied.

that manifests itself as differential refraction (birefrin-
gence) and transmission (dichroism) for orthogonal linear
polarizations.

Upon propagation through an optically active and
anisotropic medium, a wave with initially linear polar-
ization becomes elliptically polarized and its polarization
azimuth rotates. For moderate polarization changes it
may be shown that rotation of the polarization azimuth
contains contributions resulting from circular birefrin-
gence a and linear dichroism (3, while the ellipticity of
the transmitted wave will contain contributions from cir-
cular dichroism 7 and linear birefringence ¢. These four
contributions can be separated by measuring polarization
rotation and ellipticity angle as functions of the input po-
larization azimuth of an initially linearly polarized wave,
providing «, 8,7, ¢ < 7 (see Methods).

Figure 3 presents measurements of circular birefrin-
gence and dichroism (optical activity) and linear bire-
fringence and dichroism (anisotropy) in the metamate-
rial sample observed as functions of wavelength at the
incident angle of 20° to the normal (measurements taken
at -20° show rotation and ellipticity angles of the same
magnitude but opposite signs). We note that optical ac-
tivity is overwhelmingly the dominant contribution to the
polarization azimuth and ellipticity changes at the reso-
nance wavelength of 942 nm: here anisotropy contributes
only up to 12% to the total polarization azimuth rota-
tion and 30% to ellipticity. Detailed measurements of the
intensity dependent polarization changes reported below
were performed at this wavelength.
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FIG. 4: Nonlinear optical activity of a plasmonic meta-
material: Power dependent changes of the metamaterial’s
(a) circular birefringence A« and (b) circular dichroism An
for a fixed wavelength of 942 nm. Spectral dependence of
nonlinear (c) circular birefringence and (d) circular dichro-
ism for a fixed average power of 5 mW (relative to 50 uW in
all cases; guides to the eye are shown alongside experimental
data points). The wavelength of 942 nm, for which the power
dependence of NOA has been studied, is marked by dashed
lines. (e) Sketch of the Au band structure and the two-photon
absorption process, where a d-band electron is excited to the
sp-conduction band above the Fermi level Er via absorption
of two photons hw.

C. Measurements of nonlinear optical activity

The intensity dependence of optical activity was stud-
ied using the same laser source as for the linear character-
ization. While we performed the linear measurements at
an average power of 50 pW, the laser power was ramped
up to 5 mW for nonlinear measurements, which corre-
sponds to a peak intensity of I = 2 GW /cm? as the beam
is focused to a spot size of 8 ym in diameter. This is suf-
ficient to see a profound change of the light polarization
state with intensity, as illustrated by Figure 4a,b. Here
results are represented in terms of changes relative to
the low-intensity values of circular birefringence A« and
circular dichroism Arn. The most obvious effect of in-
creasing intensity is a suppression of optical activity: at
942 nm polarization rotation is reduced by 1.0°, while
the ellipticity angle drops 0.5°.

To determine the strength of nonlinear optical ac-
tivity we shall be concerned with the gradient of
the polarization azimuth rotation change with increas-

ing incident intensity that is measured to be about
Aa/T = —0.8 °cm? /GW, before nonlinear rotation starts
to saturate above 1 GW /cm?. Here nonlinearity resides
in the gold film of thickness 53 nm along the direction of
propagation. Thus the specific constant of nonlinear opti-
cal activity is Q = 3x 107% °cm/W (this accounts for the
50% reflection of the metamaterial sample). This is more
than 7 orders of magnitude stronger than NOA in natu-
ral materials such as LilO3z (107! °cm/W [12]), sucrose
(2 x 10711 °cm/W [17, 20]), a-pinene (< 107! °cm/W
[20]) and ruthenium salt solution [18, 19].

The spectral dependence of nonlinear optical activity
is shown by Figure 4c,d. Nonlinear circular birefringence
becomes more pronounced towards shorter wavelengths,
while nonlinear circular dichroism changes sign at about
937 nm. As illustrated by Figure 3a, the increase of
light intensity reduces the overall polarization rotation
throughout the studied spectral range.

II. DISCUSSION

The nonlinearity of the metamaterial resides in the
nonlinearity of its metal framework. It is mainly caused
by the nonlinear process of direct two-photon absorption
between the d and sp states in the gold band structure,
see Figure 4e. Here direct two-photon absorption occurs
through a virtual state when the energy hw of two inci-
dent photons is combined to bridge the gap AE =2.4 €V,
between the d states and states above the Fermi level:
AE/2 < hw < AE. As the energy gap cannot be bridged
by individual photons directly, “Fermi-smearing”, which
dominates the nonlinearity of gold in the visible, is less
important in our case. This inherited nonlinearity of gold
is resonantly enhanced more than 300 times by the nanos-
tructure through the virtue of strong field concentration
at the edges of the grooves, which support a plasmonic
mode (see bright hot-spots of field maps in Figure 2)
[32]. Pump-probe experiments [32] also confirmed that
this is a very fast nonlinearity because its main mecha-
nism requires both the pump and the probe photons to
be present simultaneously. This degenerate cubic opti-
cal nonlinearity gives rise to a nonlinear absorption co-
efficient on the order of 107° m/W. Importantly, the
spectral maxima of the absorption nonlinearity and op-
tical activity in this metamaterial overlap as they are
underpinned by the same plasmonic resonance, which
arises from the asymmetry of the metamaterial pattern
[25, 32]. The asymmetry of the plasmonic structure re-
sults in excitation of a strong anti-phased current mode
through weak free-space coupling, which ensures low ra-
diation losses and therefore a narrow Fano-type optical
resonance [40]. Here two-photon absorption reduces not
only the intensity of light transmitted through the nanos-
tructure, but it also hampers the chiral dipole scattering
efficiency by dampening the underlying plasmon oscilla-
tions. Manifestation of this is a suppression of circular
birefringence at high intensities (Figure 3a).



It may be expected that similarly large nonlinear po-
larization effects can be observed at resonances in a wide
range of plasmonic metamaterials. In particular, large
nonlinear optical activity may also occur in intrinsically
3D-chiral metamaterials and chiral plasmonic interfaces
[41] may show nonlinear versions of other polarization
effects such as asymmetric transmission [42].

In summary, we report that engineering of chiral and
nonlinear optical properties in plasmonic metamaterial
allows the observation of nonlinear optical activity that
is millions of times stronger than in natural crystals. Ob-
servation of this giant polarization effect provides a pow-
erful illustration that nanoscale nonlinear plasmonics of
metamaterials offers extremely strong effects unfolding in
nanoscale volumes of nonlinear medium that could lead
to applications in modulation of light intensity and po-
larization in nanophotonic devices.

III. METHODS
A. Definition of polarization parameters

The polarization state of polarized light is character-
ized by the polarization azimuth ® and the ellipticity an-
gle ¢ which are defined by the polarization ellipse, that
is the trace of the end of the electric field vector as seen
by an observer looking into the beam, see Figure 5a.

B. Separation of optical activity and optical
anisotropy

Upon propagation through an optically active and
anisotropic medium, a wave with initially linear polariza-
tion becomes elliptically polarized and its polarization az-
imuth rotates. For moderate polarization changes it may
be shown that the polarization azimuth change A® con-
tains contributions resulting from circular birefringence
a and linear dichroism 8. On the other hand, the el-
lipticity angle ¢ of the initially linearly polarized wave
after interacting with the sample will contain contribu-
tions from circular dichroism 7 and linear birefringence
©.

Indeed, in the slow envelope approximation, evolution
of the polarization state of light in linear media is gov-
erned by the following set of equations for the compo-
nents of the four-dimensional Stokes vector S, which in
a Cartesian coordinate frame can be written as follows
(formula 3.24, ref. 10):

d ZW £ (e * * (¢
E(Sueﬂm{k}z) = E(Qan U%UikEk — QaEkO'k'jO';-AZ-Ei)
(1)

Here z is the propagation direction, k£ and w are the wave
number and frequency, ¢ is the speed of light, E is the
electric field vector, o are Pauli spin matrices, J;; is the
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FIG. 5: Measuring optical activity and optical
anisotropy: (a) Polarization azimuth ® and ellipticity an-
gle ¢ of the polarization ellipse (red) define the polarization
state of a polarized electromagnetic wave. (b) Polarization
azimuth rotation A® and (c) ellipticity angle ¢ as a function
of the azimuth ®;, of the linearly polarized incident wave.
The individual contributions of circular birefringence o and
circular dichroism 7 correspond to the average levels of rota-
tion and ellipticity of the transmitted wave, while the corre-
sponding modulations arise from linear dichroism 3 and linear
birefringence ¢, respectively. The data shown was taken at
20° oblique incidence for a wavelength of 930 nm and low
intensity (0.02 GW/cm?).

Kronecker delta, and (formulae 3.19 and 3.21, ref. 10)
Q. = O'JO;(EZ‘]' + ik:I’ijz — n2(5ij)/n, (2)

where ¢;; are cartesian components of the dielectric coef-
ficient describing anisotropy and I';;, are cartesian com-
ponents of the nonlocality tensor describing optical ac-
tivity. They are defined by the constitutive equation for
the nonlocal anisotropic response (formula 2.14, ref. 10):

P = ﬁ[(% —0i) Ej + DijnVn Ej] (3)
Therefore, it follows from the linear nature of equation
(1) that small changes of the Stokes vector components
and thus small polarization changes that are induced by
the anisotropic and nonlocal effects are additive.

Now, by measuring the sample’s polarization rotation
A® and ellipticity angle ¢ as functions of the input po-
larization azimuth ®;, of an initially linearly polarized
wave, one can separate these four contributions, provid-
ing a, B,m, p L .

Precise formulae for these contributions are given by
formulae 3.41, 3.48 and 3.49 in ref. 10. For our consider-
ation here it is important that for initially linearly polar-
ized waves polarization rotation and induced ellipticity
are proportional to Re(I'y,,) and Im(T';,,) describing



circular birefrigence and circular dichroism correspond-
ingly. Polarization rotation and induced ellipticity also
have components that oscillate with the incident polar-
ization azimuth ®;, as sin(2®;,). They are proportional
to linear dichroism described by Im(e1; — £92) and linear
birefringence described by Re(e11 — €22).

Within this approximation we retrieve circular bire-
fringence a by measuring the ®;,-independent (aver-
age) component of the polarization azimuth rotation;

we retrieve circular dichroism 7 by measuring the ®;,-
independent (average) component of the ellipticity angle;
we retrieve data on linear birefringence ¢ by measuring
the amplitude of oscillation of the ellipticity angle with
the incident polarization azimuth; we retrieve data on
linear dichroism [ by measuring the amplitude of oscil-
lation of the polarization azimuth rotation with the inci-
dent polarization azimuth, see Figure 5b,c.
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Tunable terahertz optical antennas based on graphene ring structures
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The Key Laboratory of Weak-Light Nonlinear Photonics, Ministry of Education, School of Physics and TEDA
Applied Physics School, Nankai University, Tianjin 300457, China

(Received 13 January 2012; accepted 25 March 2012; published online 11 April 2012)

Highly tunable optical antennas in teraherz range based on graphene ring structures are proposed,
which employ graphene plasmons instead of traditional metallic plasmons. The plasmon resonances
of the perfect graphene ring (PGR) can be understood with the edge plasmons in graphene ribbons.
While in the nonconcentric graphene ring, the multipolar plasmon modes appear and anti-symmetric
mode splits due to symmetry breaking. Furthermore, the symmetric plasmon mode in a graphene
ring can concentrate electromagnetic field with an enhancement factor as large as 10° in terahertz
waveband, which is almost 20 times larger than a gold ring with the same size. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3702819]

Optical antennas, which can convert far-field radiation
into localized energy and vice versa, have attracted many
research interests due to their enormous applications in sens-
ing, photodetection, photovoltaic technique, light emission,
and spectroscopy.' Various metallic antennas have been
extensively demonstrated in a variety of systems including
solid tips,z’3 particles,4 bowtie,5 Yagi-Uda array,6 and so on.
And all of these researches are based on the common starting
point-metallic plasmons. Meanwhile, graphene,” a single
layer of carbon atoms packed in hexagonal structures, can
also bind surface plasmons.® Recently, beyond the theoreti-
cal investigations on excitation of graphene plasmons with a
dipole source”'® and propagating plasmons in graphene rib-
bon waveguides,'""'? the existence of graphene plasmons are
verified experimentally in graphene microribbons'® and
extend graphene sheets.'* Graphene plasmons possess more
electromagnetic confinement, lower dissipation loss than me-
tallic plasmons.” More importantly, graphene plasmons are
more easily tunable by changing the doping level of gra-
phene via chemical or electrostatic gating'”® than metallic
plasmons. Therefore, in principle, optical antennas using gra-
phene have several important advantages compared to metal-
lic antennas. First, the resonance frequencies of graphene
antennas mostly lie in the infrared and teraherz ranges,
which have tremendous importance, since many biological
materials have molecular vibration frequencies in these
regions. Second, the properties of graphene can be easily
controlled by changing the parameters of graphene (e.g.,
Fermi energy, environmental temperature, and relaxation
time), thus it opens up an opportunity to actively control the
properties of graphene antennas. Third, graphene antennas
hold more robust ability of electromagnetic field concentra-
tion than metallic plasmons, hence graphene antennas sup-
port a stronger electromagnetic field platform for light-
matter interactions. On the other hand, ring structures, due to
their high degree of symmetry, continue to be research hot-
spots in a wide range discipline. The resonances of perfect
metallic ring were obtained using analytical model by Aiz-
purua et al.'® Then, symmetric-broken ring structures,
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including nonconcentric ring-disks'’ and split rings,'® were
also demonstrated. So, it is natural for us to consider the per-
formance of graphene ring structures for the applications as
terahertz antennas, which can open an avenue for next gener-
ation applicable optical antennas.

We start by analyzing the plasmon resonances of self-
standing perfect graphene rings (PGRs). A plane wave is nor-
mally incident on a graphene ring whose inner radius is 25 nm
and outer radius is 50 nm, as indicated in the inset of Fig. 1(a).
The extinct areas of graphene rings with three different Fermi
energies Er are calculated. And the extinction area is normal-
ized to the physical area of the ring structures in the whole pa-
per. Here, the conductivity of graphene is computed within
the local-random phase approximation (RPA)'® with an intrin-
sic relaxation time t© = pEr/evz, where ve ~ ¢/300 is the
Fermi velocity and p = 10000 cm?/Vs is the measured DC
mobility.?® Maxwell’s equations were solved by using the
finite-element commercial software comsoL. In Fig. 1(a), the
extinction spectra show that two obvious distinct resonance
peaks (labeled as A; and B for convenience) lay in the range
of 10-100 THz for each graphene ring. Surprisingly, the
extinction area of mode A; can almost exceed over an order
of magnitude the physics size of the ring, which is almost as
large as gold rings with the same size. However, the gold ring
is much thicker than graphene one.'® This physical effect has
been employed for total light absorption by engineering
of graphene disks.?' In order to further understand the nature
of these plasmon modes, the z-component electric near-field
of modes A; and B are calculated and demonstrated in Figs.
1(b) and 1(c), respectively. The upper figures are under top
view, while the lower are under section view (along positive-
x). The near-fields and dispersions of plasmon modes A; and
B are fully consistent with the first and second edge modes in
infinite-long graphene ribbons,'"'? respectively. Thus, the ori-
gin of the plasmon modes in PGRs can be interpreted from
coupling of dipolar modes at the inner surface and outer sur-
face of the graphene rings similar to the case of a thin slab.
And plasmon mode A; is symmetric bonding mode with large
radiation and B is anti-symmetric bonding mode with low
radiation. Due to the symmetry of the PGRs and the electro-
static of the modes, the higher-order coupled modes are not
excited by light.

© 2012 American Institute of Physics
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FIG. 1. Surface plasmons excited by normally incident light in perfect graphene rings. (a) Extinction areas of self-standing graphene ring with three different
Fermi energies of graphene. The dotted, dashed, and solid lines are corresponding to Er =0.2eV, 0.4eV, and 0.6 eV, respectively. The inner and outer radii of
the graphene ring are 25 nm and 50 nm, respectively. The extinction area is normalized to the area of the graphene ring. (b) and (c) show the z-component of
electric near-field of plasmon mode A, and B, respectively. The upper figures are under top view, while the lower figures are under section view.

Furthermore, the plasmon resonance wavelengthes of
PGRs can be tuned not only by varying the size of the rings
akin to metallic rings'® but also by changing the Fermi ener-
gies of the graphene. As the increasing of the Fermi energies
of graphene, the resonance wavelengthes of both symmetric
plasmon mode A; and anti-symmetric plasmon mode B
blue-shift accompanying with the increasing of the extinc-
tion areas [Fig. 2(a)]. This behavior can be interpreted by
applying the resonance condition that the wave vector kgyp
propagating along the ring is related to the ring circumfer-
ence by kg, = /R, where n is the order of the mode, which
enters through the decomposition of the fields into different
components with exp(in¢) on azimuthal angle ¢, and R is
the major radius of the ring. In the considered frequency
range, the surface plasmon in graphene approximately satis-
fies®” kepp ~ ho? [ (200Erc), where o = €*/hc is the fine-
structure constant. Thus, we have the plasmon frequency
Wpp R \/ 2nogEpc/hR o \/ nEp/R. This rough estimate
shows that the resonance frequencies can be tuned by chang-
ing the Fermi energy Ef instead of the size parameter R,
which makes graphene antennas more repeat useful than me-
tallic optical antennas. In addition, the plasmon resonances
of nanostructures can be strongly influenced by different
kinds of substrates.”” Thus, graphene rings with Ez = 0.6 eV
supported on substrates with different dielectric permittiv-
ities € are considered [Fig. 2(b)], and the diameter and height
of the substrate are chosen as 300 nm and 100 nm, respec-
tively. The plasmon resonance frequencies and extinction
areas of the symmetric plasmon mode A; and anti-
symmetric mode B are calculated under this geometry. One
can see that the extinction areas of both modes are qualita-
tively the same order only with a small decreasing as the

N
o
=]

increasing of the dielectric permittivity of the substrate. On
the other hand, the plasmon resonance peaks of modes A;
and B red-shift as the dielectric constant of substrate
increases, which is consistent with the property of edge
modes in graphene ribbons. This effect can be understood by
that the dispersion lines of edge plasmons with higher dielec-
tric constant substrate lie more far to light line in vacuum,”!!
which means that the lower resonance frequencies for
the plasmon modes A; and B with the same momentum kp,
= 1/R in graphene rings.

We now examine the plasmon resonances in self-
standing nonconcentric graphene rings (NCGRs) which are
closer to experiments, and the physics of supported NCGRs
is similar. As the inset in Fig. 3(a) indicated, there is an ec-
centricity 0 between inner surface ring and outer surface ring
compared with PGRs and the polarization direction of inci-
dent light is along y axis. Similar to the case of PGRs, the
extinction area is calculated for 6 =20 nm and shown in
Fig. 3(a). There are more plasmon resonance peaks (labeled
as Ay, Ay, Az, B’ and As, respectively) compared with PGRs.
The z-component and amplitude of electric near-fields for
each mode are sketched in Figs. 3(b)-3(f). A close inspection
of the near-fields shows that these plasmon modes can be di-
vided into two categories: the first kind labeled as
Ai,Ay,As, and As are multipolar plasmon modes with
n=1, 2, 3, and 5. They have 2n electric field maximums
along the circumference, which is similar to the bonding
symmetric mode A; of PGRs. And the other kind labeled as
B’ comes from the anti-symmetric mode B in PGRs. Specifi-
cally, the vanishing of the plasmon mode n =4 with eight
field maximums along the ring can be explained by that this
mode is hybrid with the anti-symmetric mode B, as verified
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in Fig. 3(f). This effect may result in Fano lineshape in the
extinction cross-section.*

To further explore the properties of plasmon mode B’,
the light frequencies dependence of extinction areas for two
eccentricities 6 = 1 nm and § = 2 nm are shown in Fig. 4(a)
compared with the plasmon mode B in PGRs. The antibond-
ing plasmon mode B splits into two plasmon modes (labeled
as B’ and B”) as the increasing of the eccentricity, which can
be understood as that there are two ribbons with different
widths in NCGRs. The plasmon frequencies of graphene rib-
bons scale like'? 1 / VW , where W is the width of the gra-
phene ribbon. The higher energy mode B” mainly comes
from the right part of the NCGRs, while the lower energy
mode B’ is the result of the left part. To confirm this point,
the lower frequency plasmon mode B’ is compared with the

Appl. Phys. Lett. 100, 153111 (2012)

FIG. 3. Plasmon resonances in nonconcentric
graphene ring structures. (a) Extinction area of
the nonconcentric graphene ring with eccentric-
ity 0 =20 nm. A y-polarization plane wave
incidents on the nonconcentric graphene ring
(the insert figure). Except for the symmetric
plasmon modes A; and anti-symmetric plasmon
mode B’, multipolar plasmon modes labeled as
' A;, Az, and As appear under this configuration.
B (b)-(f) show the electric near-fields of plasmon
modes Ay, As,As;,As, and B’, respectively.
Upper pictures are top view of z-component
electric field, while the lower figures show the
electric amplitude of electric near-field.

infinitely long ribbon with the same width of the wider part
of the NCGRs in Fig. 4(b). The resonance frequencies are
almost the same, but with subtle difference which may due
to the inhomogeneous width in the NCGRs. By the way,
only the low frequency mode B’ exists in Fig. 3(a) is due to
that the high energy mode B” is larger than 140 THz and out
of the frequency range. The inset of Fig. 4(b) shows that the
extinction area of the plasmon mode B’, which maintains
around one and does not change a lot with eccentricity.

Fig. 5 shows the effect of symmetry breaking by chang-
ing the eccentricity 6. The major effects are red-shift of the
symmetric plasmon mode A; and multipolar plasmons
A,, Aj as the increasing of ring eccentricity [Fig. 5(a)]. Now,
the interaction between the inner face and outer face of the
ring is no longer symmetric, which causes the appearance of
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FIG. 4. Spitting of the anti-symmetric plasmon modes B in nonconcentric graphene rings. (a) Extinction areas versus incident light frequency for three differ-
ent eccentricities 0 nm, 1 nm, and 2 nm, respectively. There are two split plasmon modes exist due to symmetry breaking. The lower and higher energy modes
B’ and B” are corresponding to the left wide and right narrow ribbon plasmons, respectively. (b) Comparison of the plasmon mode of a graphene ribbon with
the same width as the wide side of the nonconcentric graphene ring and the lower frequency plasmon mode B’ of nonconcentric graphene rings. Inset shows

the extinction area of plasmon mode B’ for the ring.
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multipolar plasmons. The extinction areas are also shown in (SERS) as well as nonlinear optical effects. The insets of
Fig. 5(b). The intensities of the multipolar modes A, and Aj Fig. 6 show the electric field amplitudes with two different
are increasing a lot as the increasing of ¢, whereas the inten- eccentricities 6 = 0 nm and 6 = 24 nm, respectively. There
sity of the symmetric plasmon mode A; changes a little and are two electric field maximums in PGRs. Differently, the
larger than other multipolar modes. Therefore, symmetric electric fields are mostly concentrated on the narrow gap
plasmon mode A; is the best choice in real applications region in NCGRs.

because it is insensitive to the imperfection of the structure In this paper, we have proposed a kind of highly tunable
and with high intensity. optical antennas in terahertz range based on graphene nano-

For the applications using optical antennas, the ability of  structures. Specifically, PGRs and NCGRs are separately
enhancement of electromagnetic field is a very important fac- investigated. The plasmon resonances of PGRs in the tera-

tor." Thus, in Fig. 6, the maximum electric field enhancement ~ hertz range are understood in the context of edge modes in
factors of plasmon mode A; with different eccentricities of ~ graphene ribbons and can be easily tuned by changing the
NCGRs are calculated. The solid line shows that the doping level of graphene instead of the size or the dielectric
enhancement factor is almost one thousand for self-standing permittivity of substrate, whereas the plasmon modes of
PGRs, which is about 20 times larger than gold nanoring NCGRs can be classified into azimuthal-dependent multipo-
with similar size.'® Further, the enhancement of electric field lar modes and split anti-symmetric modes. The symmetric
can almost reach 3000 with crescent shape NCGRs. More- bonding plasmon mode of PGRs is very stable and with

over, the cases of PGRs with substrates (the dashed and dot- much stronger electric field enhancement factor than metallic
ted lines in Fig. 6 are corresponding to the dielectric constant structures, which has great potential in sensing or spectro-
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We present the design, characterization, and experimental demonstration of a polarization-insensitive
wide-angle plasmonically induced transparency (PIT) planar metamaterial (MM) in the near-infrared
regime. A four-level plasmonic system is proposed to explain and analyze the forming mechanisms
of the PIT planar MM, whose results agree closely with the simulated and experimental results. This
shows that the local asymmetrical nanostructure leading to the plasmon-assisted interaction is the key
to producing PIT, but it does not mean that PIT cannot be achieved by the whole symmetrical
nanostructure. This work offers a further step in developing optical modulation. © 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4756944]

Plasmonically induced transparency (PIT) in metamateri-
als (MMs) is a fascinating phenomenon that mimics quantum
interference of electromagnetically induced transparency
(EIT) in laser-driven atomic systems.' This phenomenon
opens a narrow transparency window within a transmission
stop band through a highly efficient plasmon coupling
between two artificially resonant elements, where bright mode
energy is transformed into dark mode. It has been found that
PIT underlies many particular useful applications, such as
slow light,” sensing,* and optical switching.'” Being differ-
ent from other methods showing the classical analogue of EIT
such as mechanical oscillators,'" split-ring resonators,'* opti-
cal resonators,'>'* and metallic nanoparticle arrays,'> PIT is
an excellent example of merging between plasmonics and
MMs. This lays the foundation for manipulating light by using
metal nanostructures to achieve effective EIT-like optical
properties for media. Because of the inherent limitations in
applying EIT, PIT has received much attention due to the
prominent advantages of room temperature manipulability,
artificially controlling spectral response, and the ability to
integrate with nanoplasmonic circuits.

In spite of many obvious advantages, the previously
designed PIT devices principally have an inherent drawback.
They strongly depend on the polarization and angle of incident
waves on the asymmetry of the structures. Most studies show
that introducing a broken symmetry to the spatial arrangement
of the bright and dark resonators is a prerequisite for PIT,'™
since the asymmetry permits excitation of the otherwise forbid-
den dark mode. The degree of asymmetry determines the cou-
pling strength of the bright and dark modes. Therefore, the
previous devices also strongly depend on the incident angle.

In this letter, we present the design, characterization,
and experimental demonstration of a PIT planar MM in the

YEmail: schen@nankai.edu.cn.
®Email: jjtian@nankai.edu.cn.

0003-6951/2012/101(14)/143105/5/$30.00

101, 143105-1

near-infrared regime. We demonstrate that PIT can be
achieved by symmetrical planar MMs. Meanwhile, a four-
level plasmonic system is proposed to explain and analyze
the forming mechanisms of the PIT planar MM, whose
results agree with the simulated and experimental results.
The PIT planar MM is polarization-insensitive, and the trans-
parency window remains high with large incident angles for
both transverse electric (TE) and transverse magnetic (TM)
configurations.

Motivated by the drawbacks mentioned above, here we
propose a PIT planar MM fabricated on a quartz substrate, in
which the top metallic layer consists of four rotationally
aligned “=" pairs (see Fig. 1(a)). Based on the concept of
EIT in atomic physics, we use a general description of an
EIT-like plasmonic system (see Fig. 1(b)) to demonstrate
and quantitatively describe the near-field coupling among
meta-atoms.' ™ Corresponding to the geometric position of
the gold bars, the system consists of three artificial states, a

radiative plasmonic state |1) = A;(w)e™" (bright mode), a
dark plasmonic state [2) = A,(w)e™" (dark mode), and an
additional plasmonic state |3) = A3(w)e™  (additional
mode), which have resonant frequencies mg;, g, @3, and
damping factors y;, 7,, 73, respectively. The damping factors
combine radiative and non-radiative damping due to the
intrinsic loss. A four-level plasmonic system is formed by
three states of coupled meta-atoms and a continuum state
(ground state |0)). We assume that the dark mode does not
couple with the external field, while geometrical parameters
g1 and g3 indicate how strongly the bright mode and addi-
tional mode couple with the external field Ey = Eoeiw’ . We
also define K, as the coupling parameter between |1) and
|2), and ko3 as the coupling parameter between |2) and |3).
The coupling between |1) and |3) is ignored due to their geo-
metrical and functional similarity. Then, the field amplitude
of all states can be described as a system of linearly coupled
Lorentzian oscillators

© 2012 American Institute of Physics
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FIG. 1. (a) Unit cell of the PIT planar MM. The pink arrows indicate the
near-field coupling between meta-atoms. (b) Coupled four-level plasmonic
system for the PIT planar MM. (c) SEM of the sample with §=140nm.
Inset: Amplified figure of the unit cell, showing the definitions of the geo-
metrical parameters: L =900 nm, W =150 nm, D =200 nm.
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In Eq. (1), the complex amplitude of the bright mode A, is
directly proportional to the polarizability of the PIT system.
Therefore, the normalized energy extinction P(w), namely
the sum of reflection and absorption, is obtained as
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The optimized structure was achieved by using the finite-
element-method (FEM)-based commercial software comMsoL
Multiphysics.'® The parameters were chosen to match closely
those of technologically feasible physical systems. The three-
dimensional simulations were performed with a plane-wave
source incident in the z direction. The refractive index of
quartz substrate is 1.5. The optical constants of bulk gold in
the infrared spectral regime are described by the Drude model
with the plasma frequency w, = 2r x 2.175 x 10Ps~! and
the damping constant ., = 27 x 6.5 x 10'%s~1.'7 Owing to
the surface scattering and grain boundary effects in the thin
gold film, the damping constant in our simulations is three
times larger than in bulk gold.>® Periodic boundary conditions

Appl. Phys. Lett. 101, 143105 (2012)

were used for the x-y plane, and waveguide port boundary
conditions were used on the other boundaries.

A series of samples were fabricated by standard E-beam
deposition and E-beam lithography. First, a layer of ITO mate-
rial (100nm) was deposited on a 0.5-mm-thick quartz substrate
by a RF magnetic sputtering system. The top patterned layer
was defined with electron beam lithography. Then Cr (5 nm)
and Au (100 nm) were deposited by an electron beam evapora-
tor, and the pattern transfer was completed by lift-off in acetone.
Both samples had a total area of 300 ym x 300 um. Figure 1(c)
shows the scanning electron microscopy (SEM) image of the
fabricated PIT planar MM. It has a period of 2.1 um in both the
x and y directions. The top gold layer consists of eight identical
gold bars. L and W are the length and width of the each bar,
respectively. D is the fixed distance between two bars in each
“=" pair. C is the coordinate of the inner bar. The interspace
between two close “=" pairs is defined as S, which is 300 nm,
220 nm, 140 nm, and 60 nm for four samples, corresponding to
the coordinate of C (375, 450) nm, (335, 410) nm, (295, 370)
nm, and (255, 330) nm, respectively.

To study the PIT tuning feature of the designed PIT pla-
nar MM, we give the simulated and experimental transmission
spectra as a function of the interspace S in Fig. 2. The PIT fea-
ture is apparent in the transmission spectra. The simulated
transmission spectra obtained by FEM and four-level plas-
monic system are shown in Fig. 2(a). The FEM simulation
considers an x-polarized TEM beam normally incident to the
PIT planar MM. There is a broad transmission dip in the case
of maximum interspace S =300 nm. Then, a tiny transmission
peak emerges within the broad transmission dip with decreas-
ing S. Finally, the transmission peak reaches T(w) =51.2% at
2.85 um in the case of minimum interspace S=60nm. The
evolution of the PIT feature in the transmission spectra shows
that the coupling strength between bright and dark modes
strongly depends on S. We also fit the simulated transmission
spectra according to T(w) = 1 — P(w) from analytical deriva-
tion. This analytical derivation agrees closely with the FEM
analysis for the different interspaces in Fig. 2(a), which con-
firms the validity of our design.

The transmission spectra were obtained at room temper-
ature with a Fourier-transform infrared spectrometer (Bruker
VERTEX 70, tungsten lamp) combined with an infrared
microscope (36x magnification objective, liquid Nj-cooled
MCT 77K detector). The transmission of the sample was
recorded by averaging data from 64 measurements to
improve the signal-to-noise ratio. Before measuring the PIT
sample, the transmission was calibrated with a blank struc-
ture without gold bars. The corresponding experimental
transmission spectra in Fig. 2(b) agree qualitatively with the
simulation. To show the variety of the PIT tuning feature, ev-
ery graph shows the transmission spectrum of maximum
interspace S =300nm along with different interspaces. We
can see that the experimental results for S =300 nm, 220 nm,
and 140 nm agree closely with the simulation, while the ex-
perimental result for minimum interspace S=60nm is
appreciably different from that of the simulation. These dis-
crepancies between experiment and simulation are likely due
to the fabrication tolerances such as the inhomogeneity of
the interspace S especially for the sample with §=60nm.
Considering that the optical properties of metamaterials with
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periodic structure are quite sensitive to the homogeneity,
previous experimental attempts have not been successful
owing to the difficulties with nanofabrication.>> Even so, the
experimental PIT tuning feature clearly agrees with the sim-
ulation for the S =300nm transmission spectrum in every
graph. Therefore, our experimental results verify our analy-
ses of the PIT phenomenon to a great extent.

To get insight into the nature of the designed PIT planar
MM, we calculated the surface current density distribution
and the magnetic field amplitude distribution of the top me-
tallic layer for the x-polarized TEM wave with a 2.85-um

x (E)

wavelength (see Fig. 3). The “=" pairs parallel to the y-axis,
which may function as a magnetic quadrupole antenna,'® can
serve as the dark mode. The “=" pairs parallel to the x-axis,
which may function as two similar optical dipole antennas,'®
can serve as the bright mode and additional mode. With the
maximum interspace S =300 nm (nearly without coupling to
the dark mode), the bright mode and additional mode are
strongly excited by the incident beam with a strong magnetic
field and high surface current densities (as shown in Fig.
3(a)). By decreasing the interspace to 60 nm (with strong
coupling to the dark mode), the magnetic field and surface

x10°
(A/m)

2.0

FIG. 3. Colormaps and pink arrows,
05 respectively, represent the distributions
of the amplitude of the magnetic fields
and induced surface current densities of
the top metallic elements at a 2.85-um
wavelength for (a) $=300nm and (b)
S =60nm.

Downloaded 20 Dec 2012 to 202.113.229.160. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



143105-4 Duan et al.

2
2
=)

6-
60 -
N5 —A—}’l N
== 77, = -7,
54_ +K23 bSO— ot K
> >
Q1 Q
g3 g
=7 = 40
= =
02 o
= =
= = 304
1{ ADDDNANA
0 e 20—
100 200 300 100 200 300
S (nm) S (nm)

FIG. 4. Extracted simulated coupling and damping parameters as a function
of interspace S. Values of y;, 7,, 73, K12, and k3 are extracted by fitting the
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current are coupled back to the dark mode, leading to de-
structive interference and a suppressed state in the bright
mode. Therefore, the magnetic field and surface current den-
sities of the bright mode and additional mode decrease
greatly (as shown in Fig. 3(b)), which corresponds to PIT.
Because the additional mode is farther from the dark mode
than the bright mode, the coupling strength between the
additional mode and dark mode is weaker than that between
the bright mode and dark mode. For all separations, the cou-
pling among the bright, dark and additional modes leads to a
narrow transmission peak in the broad dip.
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To examine the coupling and damping parameters of
our plasmonic system (see Fig. 1(b)), Fig. 4 shows the fitting
values of y;, 75, 73, K12, and k3 as a function of interspace S
in frequency units. The resonant frequencies of the three
modes are approximately wg; = 125 THz, wgp, = 119 THz
and o3 = 100THz, respectively. We define 01, = wy
—moy and 023 = Wy — g3 as the small detuning. Due to the
positions of meta-atoms, the coupling between |1) and |2) is
much stronger than between |2) and |3), which corresponds
to K1p > k3. Significantly, x|, and k»3 are nearly inversely
proportional to S, which determines the modulation strength
of our PIT planar MM. The damping factors y;, 7,, and 75
correspond to the decay rate in atomic physics, which is
inversely proportional to spectral linewidth. As S decreases,
the radiative damping component of 7, increases signifi-
cantly, which means that the magnetic field and surface cur-
rent are coupled back to the dark mode, leading to the
emerging of the transmission peak. On the other hand, y, and
53 are roughly constant, which agrees with the result that all
linewidths of the spectrum are the same. Such quantitative
results confirm our expectation about the relationship
between the interspace and coupling strength of meta-atoms.

Polarization-insensitive performance and wide-angle
incident beams are important in practical applications. In
some cases, the most possible light needs to be used, which
may contain arbitrarily polarized components. Moreover, the
excited beam is not always normally incident to the sample
in many cases. To show the polarization-insensitive behavior
of the designed PIT planar MM, we plotted the transmission
spectra as a function of polarization angle ¢ for § =300nm
and S=60nm in Figs. 5(a) and 5(b), respectively. As the

FIG. 5. Simulated transmission spectra as
a function of wavelength and the polariza-
tion angle for (a) S=300nm and (b)
§=60nm. Simulated angular dispersion
of the transmission spectra for both (c) TE
polarization and (d) TM polarization in the
0.8 case of § =60nm.
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PIT planar MM has a fourfold rotational symmetry, we only
need to take into account the polarizations from 0° to 45° in
the simulation. Results show that the transmission spectra of
the designed PIT planar MM are polarization-insensitive.
The PIT feature of the designed structure can also work over
a wide range of incident angles 0. Figures 5(c) and 5(d) gives
the simulated angular dispersion of the transmission spectra
for TE and TM polarization for S =60 nm, respectively. For
the TE case, the PIT feature is nearly independent of incident
angle, since the electric field can effectively provide the
strong electric resonance at all incident angles. For the TM
case, the PIT feature can be maintained with increasing the
incident angle. However, when the incident angle is beyond
30°, there is a monotonic decrease in the transmission. With
increasing incident angle, the horizontal projection of the
incident electric field decreases and can no longer efficiently
drive a strong electric resonance. The maximal incident
angle is about 10° in the previously designed PIT device;*"
however, our designed PIT planar MM maintains quite
well for both TE and TM radiations over a wide range of
incident angles.

In conclusion, we have numerically and experimentally
demonstrated a PIT planar MM based on coupled meta-
atoms. This shows that the local asymmetrical nanostructure
leading to the plasmon-assisted interaction is the key to pro-
ducing PIT, but it does not mean that PIT must depend on
the polarization and the angle of incident waves. The analy-
ses done have been kept general and so can be easily
extended to other antenna geometries. This kind of PIT pla-
nar MM will help to overcome some of the limitations of
customary designs developed so far. Our work offers a fur-
ther step forward in developing optical modulation.
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Spin Hall effect of reflected light from an air-glass interface around the
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We have developed a modified theory of the spin Hall effect of reflected light from a planar
interface composed of two dielectric media and obtain the analytical expression valid for any
incident angle including the Brewster’s angle. We improved the experimental method and
measured the spin-dependent transverse displacement of reflected light from a planar air-glass
interface around the Brewster’s angle. The experimental results are in agreement with the
theoretical prediction. © 2012 American Institute of Physics. [doi:10.1063/1.3687186]

Although the phenomenon of light reflection at the inter-
face as a well-known phenomenon has been extensively
studied for a long time, there have still some intriguing
issues,l’2 such as for the situation of the reflection of a Gaus-
sian beam at the planar dielectric interface near the Brew-
ster’s angle.>™ The spin Hall effect of light, which is an
effect of spin-dependent transverse displacement of the wave
packet perpendicular to the gradient of the refractive index,
has attracted the growing interest. Since the spin Hall effect
of light was first pioneered in 2004.° Bliokh et al. proposed a
systematic analysis based on the conservation of angular mo-
mentum and calculated the transverse displacement of a
polarized Gaussian beam reflected or refracted at an interface
separating two homogeneous media.””® In addition, Bliokh
et al. presented a unified theory and a direct observation for
the spin Hall effect of light in an effectively inhomogeneous
and anisotropic medium. "’

Hosten and Kwiat measured the transverse displacement
caused by spin-dependent splitting of the refracted light by
using the weak measurement technique.'' Subsequently, the
spin Hall effect of light has been theoretically and experi-
mentally studied under different conditions, such as left-
handed materials,'? uniaxial crystal,13 and photon tunnel-
ing,'* in particular, and has been used to detect the spin
moments of particles.'” Due to the difficulty in the theoreti-
cal analysis and experimental measurement, the spin Hall
effect of reflected light near the Brewster’s angle was not
explored in Ref. 16. It is of great importance to explore the
spin Hall effect of reflected light from a planar interface
around the Brewster’s angle, in particular, at the Brewster’s
angle. In Ref. 17, Luo et al. explored theoretically and exper-
imentally the spin Hall effect of light reflected near the
Brewster’s angle, in which they did not obtain the analytical
expression. In this letter, we give an analytical expression
valid in a wide angle range (in particular, at the Brewster’s
angle) and improve the experimental method to observe the
transverse displacement more directly, for spin Hall effect of
reflected light from a planer air-glass interface around the
Brewster’s angle.

“Electronic addresses: htwang@nankai.edu.cn and htwang@nju.edu.cn.
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Considering a monochromatic Gaussian beam is
reflected from the planar interface separated by air and a ho-
mogeneous glass, as shown in Fig. 1. A coordinate system
(x, y, z) is attached at the air-glass interface, where the z axis
is normal to the interface. The Gaussian beam is incident on
the interface at an incident angle 0,y of central wavevector
kjo related by Snell’s law in the xz plane. Its reflected beam
has the central wavevector k,). Two coordinate systems,
(xi,vi,z) and (x.,y,,2,), are associated with the incoming
and reflected beams, with the y; and y, axes parallel to the y
axis and with the z; and z, being along the k;o and k9. The
incoming Gaussian beam has a wavelength of 1 and a corre-
sponding wavevector of ky = 27/ in vacuum. Based on the
Fourier analysis, the incoming Gaussian beam can be
expressed as the superposition of a continuous spectrum of
uniform plane wave component (with the k;) propagating in
a wide range of directions.

Under the paraxial approximation, the electric field of
the incoming p-polarized Gaussian beam (its electric vector
is in the xz plane) can be written as

ko y?}, (1)

Ei(yi,zi) < exp [_qu(z)

where ¢(z;) donates the complex radius of curvature of the
incoming Gaussian beam

1 1 .2

9z)  RGE) Thowr(z)

2

Here, R(z;) = z[1 + (kowd/2z)?] is the radius of curvature,
w2(z;) = w31 + (22 /kow3)?] is the spot radius, and wy is the
radius of the beam waist for the incoming Gaussian beam.

The Gaussian beam can be treated as a linear superposi-
tion of all the component plane waves. By the Fourier trans-
form, Eq. (1) can be rewritten as

+00
Ai(kiy)eXP[_j(kiyyi + kizZi)}dkiya 3)

—00

E;i(yi,zi) o J

where A, (k;,) represents the amplitude distribution of uni-
form plane waves propagating in a wide range of directions

© 2012 American Institute of Physics
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FIG. 1. (Color online) The scheme of the spin Hall effect of reflected light
from an air-glass interface.

2
Ai(kiy) = exp(jk;,zi)exp lq(zi)jz’]{y()] . %)

The reflected beam can be written as follows:' "'

+00

Bimz) o [ [l = cotha 2+ )|
0

—00

X Ar(kry)exp[_j(kryyr + krzZr)]dkrya )

where |h)" and |v)" are the basis vectors of the horizontal
and vertical polarizations for the reflected beam,
k, =k; —2z(z - k;), and r, =r; — 2Z(Z - r;) (see Refs. 18
and 19). r, and 7, denote the Fresnel reflection coefficients of
the p- and s-polarized components, respectively. By using
the following relations:

)" = (14) +1-))/v2,

V) = (J4) = |-)/iv2, (6)

where |+) and |—) are the basis vectors of the right- and left-
handed circular polarizations, respectively, after integration,
we obtain the reflected field as follows:

Er(yn Zr) X {|+> [rp +jq71 (Zr)(rs + rp)erOtgiO}

+ |_>[rp _jqil(zr)(rs + rp)erOtOiO]} (7
X exp [—'@ y'2_ }
2 q(z) .

By using the definition of the intensity barycenter of the
beam

+
T Ly yedy,

54— - B
. J‘j_zhi)dyr

®)

apart from terms including powers of 1/ko higher than the
second, we have

1p(rs +1)C

04y = Twp———7—"—,
=) (rs+r,,)2—|—r§C2

()]

where the factor C = kowytan6,y. Equation (9) is the analyti-
cal expression of the displacement of spin-dependent split-
ting. Here, it should be pointed out that we have confirmed

Appl. Phys. Lett. 100, 071109 (2012)

our analytical expression to be in agreement with the numeri-
cal simulation results in Ref. 17.

One should be emphasized that in Refs. 11 and 16, the
second power of 1/ky was also neglected, correspondingly,
the term of (ry + rp)2 in Eq. (9) disappears. Evidently, when
the second power of 1/ky is also neglected, Eq. (9) degener-
ates into Eq. (1) in Ref. 16. More importantly, Eq. (1) in
Ref. 16 is invalid around the Brewster’s angle (in particular,
at the Brewster’s angle), which results in the divergence of
the spin Hall effect of light (that violates physical reality),
due to 7, — 0. Equation (9) is valid for any incident angle
including the Brewster’s angle.

Figure 2 shows the experimental scheme similar to that
in Refs. 11, 16, and 17. A Gaussian beam from a He-Cd laser
with a beam waist of wj, = 0.56 mm at the exit of the laser
passes in sequence through a half-wavelength plate (HWP),
a lens L1 (with a focal length of f{ = 50 mm), and a polar-
izer P1 to produce a focused p-polarized beam on the air-
glass interface of prism. The focused p-polarized Gaussian
beam near the Brewster’s angle is reflected from the air-
glass interface of prism, where the spin Hall effect of light
takes place, and then the reflected beam is split into the two
parts in the transverse (y) direction.

To measure the transverse displacement, the weak mea-
surement as an universal and effective technique is exten-
sively used as in Refs. 11, 16, and 17, in which there is a
common keypoint that the deviation angle A from orthogonal
configuration of the second polarizer P2 in Fig. 2 is chosen
to be small, because the greater magnification of the trans-
verse displacement can be achieved. In particular, in the
small deviation angle situation, the magnification caused by
A is independent of the incident angle 0;y. In contrast, due to
the introduction of the correction term in our modified
theory, the magnification depends on the incident angle 0;
even if in the small deviation angle situation. However, we
find that when choosing A = *£45° as shown in Fig. 2(b), the
magnification becomes independent of the incident angle 0.
It is regret that there has no magnification in the situation of
A = £45° (magnification is always unity), even so we can
still use a lens L2 (with a focal length of f, = 1004 mm) to
achieve the magnification. Although its magnification is not
so large, this is already enough for our measurement. The
reflection spot on the interface of prism is in the front plane

A=45°,

FIG. 2. (Color online) (a) Experimental scheme. The laser is a linearly
polarized He-Cd laser at 441.6 nm and with a power of 144 mW, HWP is a
half-wave plate, P1 and P2 are two Glan polarizers, and L1 and L2 are
lenses. (b) The orientation geometry of the polarizer P2 in our experiment.
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FIG. 3. (Color online) Shift of the |+) spin component, |y, as a function
of angle of incidence near the Brewster’s angle. Solid line and circles are the
theoretical and experimental results.

of L2. A CCD is used to acquire the intensity images of the
reflected beam and then to measure the magnified relative
displacements Jd+45¢ of the intensity barycenter of the beam
under the situations of A = =45°. Thus, we can deduce the
original shifts |+, caused by the spin Hall effect of light as
follows:

Ox4s0 = —FO|), (10)

where F = Jf,/(nw}) is the magnification factor caused by
the lens L2 only.

We  measure the Brewster’s angle to be
0p = 56.595° = 0.005° and then deduce the refractive index
of the glass to be 1.5163 = 0.0003 at A = 441.6 nm. Figure 3
depicts the transverse displacement 6|,y of the [+) spin com-
ponent, as a function of the incident angle 0; around the
Brewster’s angle. The displacement increases and reaches
the theoretical (experimental) first maximum of —5.10
(—2.86 = 0.05) um at the theoretical (experimental) value of
56.43° (~ 56.30° £ 0.01°) and then decreases. At the Brew-
ster’s angle, the displacement becomes zero. After passing
through the Brewster angle, the displacement increases and
reaches the theoretical (experimental) second maximum of
5.10 (2.93 = 0.05) um at the theoretical (experimental) value
of 56.76° (~ 56.85°* 0.01°) and then decreases. In addition,
it should be pointed out that the magnification of
F =135=*=6 in our experiment. Evidently, the experiment
should be in agreement with the theory, although there is
some deviation. One of the dominant reasons for such a devi-

Appl. Phys. Lett. 100, 071109 (2012)

ation originates from the fact that it is difficult to accurately
determine the position of the light spots by CCD, due to the
too weak intensity. We can know from Eq. (9) that at the
incident angles of 56.43° < 0p and 56.76° > 0p, where
ry = (=1 F C)rp, the spin-dependent displacement reaches
the maxima. At the Brewster’s angle, the displacement is
zero, as shown in Eq. (9).

As is well known, the reflected Gaussian beam is
strongly distorted at the Brewster’s angle. However, the dis-
tortion is mainly the longitudinal direction and the reflected
beam is still symmetric about the xz plane (implies the bary-
center of the field intensity is at y = 0).?° Therefore, we can
ignore the influence of the distortion on the transverse
displacement.

In summary, we have given a modified theory of the
spin Hall effect of reflected light from a planar interface sep-
arated by two dielectric media around the Brewster’s angle
and obtained the analytical expression. We measured experi-
mentally the spin-dependent displacement of the reflected
light at an air-glass interface around the Brewster’s angle.
The experimental results are in agreement with the theoreti-
cal prediction.

This work is supported by the National Basic Research
Program (973 Program) of China under Grant No.
2012CB921900 and the National Natural Science Founda-
tion of China under Grants 10934003.
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The properties of surface plasmons localized at the interface between graphene and Kerr-type nonlinear substrates

are investigated analytically. Although the relative propagation distance remains the same, the dispersion of gra-
phene plasmons may be affected much by the inevitable nonlinear effect of substrates. Specifically, the wavelength

of graphene plasmons can be tuned by adjusting the nonlinear permittivity of substrates.

America

OCIS codes: 240.6680, 250.5403, 190.3270.

Graphene is well suited for a number of photonic appli-
cations [1-3] due to its interesting optical and electronic
properties [4,5]. In particular, the collective electron
excitations in graphene [6,7] have attracted much atten-
tion. Recently, graphene plasmons (GPs) have been
studied theoretically in doped graphene sheets [8-10],
graphene ribbons [11-13], and graphene disk arrays
[14] and were detected and investigated experimentally
[15,16]. GPs are believed to be a conveniently tunable
means for strong light-matter interactions in the IR
and terahertz range [8,9]. However, the nonlinear contri-
bution from substrates to the properties of GPs was
ignored in previous work. This is unjustified because
the strong electromagnetic field of GPs (the enhance-
ment factor can be as large as 10° [10]) makes the non-
linear contribution from substrates an inevitable and
important factor. Moreover, the investigation of such
GPs provides a method to determine the nonlinear
properties of substrates that will facilitate precise prob-
ing of nonlinear material in the IR and terahertz
range.

An extended doped graphene sheet can bind surface
plasmons with TM polarization provided that Imo > 0
[7], where ¢ is the conductivity of graphene. The disper-
sion relation of GPs without the nonlinear contribution
from substrates is given by [8]

.4no € 1
- — =
V-1

D

+
¢ \/’72 - €

where c is the speed of light in vacuum, € is the dielectric
permittivity of the substrate, and # denotes the plasmon
wave vector normalized to the free light wavenumber
w/c. In the following, the electrostatic limit of this
expression is used since # is usually much larger than
unity and the dielectric permittivity of substrates. There-
fore, the dispersion of GPs is described by

ic(es + 1)
T dne
no

@)

We will not discuss here a possible Pockels-type non-
linearity of the substrate but the always present
Kerr-type effect [17]. Equation (2) cannot be corrected by
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simply replacing €, with the electric field intensity depen-
dent permittivity

€, = € + alE[%. 3)
a is the Kerr coefficient of the substrate, E is the
electric field in the substrate, and €, and €, are the
linear and total dielectric permittivities of the substrate,
respectively.

In this Letter, we investigate theoretically the disper-
sion and propagation distance of GPs when an infinitely
large graphene sheet is lying on a nonlinear substrate
[Fig. 1(a)]. For simplicity, the nonlinear response of
the substrate is assumed to be isotropic. Then the electric
field has the form E(r,?) = E(z) exp(ifx — iwt) with re-
spect to the coordinate system indicated in Fig. 1(a).
p is the momentum of GPs. Inserting this field into
Maxwell’s equations, we obtain

tH, = E, —ink,, H, =i€,E,, —nH, =€,E,. (4
Here ¢ = kz and = f/k are the normalized length and
momentum (normalized to the vacuum wave vector
k = w/c). The prime denotes differentiation with respect
to £. By eliminating the electric field terms in Eq. (5),
we find

300
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= With nonlin&

~-- Without nonlinear
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Fig. 1. (Color online) (a) Sketch of an infinitely large graphene
sheet lying on a substrate; kspp represents the propagation di-
rection of surface plasmons; (b) the dispersion relation (solid
lines) and propagation distance (dashed lines) of GPs with
(thick lines) and without (thin lines) nonlinear contributions
from the substrate. The photon energy is Q = Aw/Ep with
Ep = 04 eV. Momentum in units of @/c and propagation length
in units of the surface plasmon wavelength.

© 2012 Optical Society of America
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Substituting the electric field terms from Eq. (4) into
Eq. (3) gives

H'\2 _ Ho\2
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We differentiate Eq. (6), substitute into Eq. (5), and

arrive at
277 - €,\ €, - €\
(HZ €, ") _en( na ’ )

The solution is

€, €2-¢€
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The derivatives coincide with Eq. (7), and the values of
both sides vanish deep below the substrate surface
where there is neither a magnetic nor an electric field.
Equation (8) expresses the magnetic field in terms of
the dielectric permittivities and normalized momentum .
Note that 5, a, and €; are constants.

Assuming that the graphene sheet lies at 2 = 0, the
nonlinear substrate occupies the region z > 0 with the
dielectric permittivity €,,, and the dielectric function is
€ in the region 2z < 0 (see Fig. 1). The electromagnetic
field in the nonlinear substrate region is

H, A H A
== g =T ()
i€, i€, €, €,

H,=A, E,

where A(2) is the amplitude of the magnetic field. The
electromagnetic fields in the region 2 < 0 can be written
as

H, «B H B
H =B E,=-t="e¢t p,=_Tv_ 17

. . ex,
1€ € €

(10)

where x = /5? — ¢ describes the confinement of the
field. B is the amplitude of the magnetic field.

From the continuity requirements of E, and H,
[(Hy|z<0 _Hy|z>0) = 47[0Ex(3(2’)/6] at &= 07 we obtain
the relations

A'(0)  «B _(+_ 4drok
e — ¢ A0) = (1 oe )B. (11)

Inserting them into Eq. (6) at £ = 0 gives

€ (0)—¢ _ kA(0) z  (nA(0)\?
a (€+i4mﬂ</c) +( €, ) ' (12)

We combine this with Egs. (8) and (11) and obtain the
dispersion relation of GPs, namely
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where €, = €,(0). With « =0, €,(0) = €, and € = 1, our
result reduces to Eq. (1), as expected.

If the normalized momentum # is much larger than
unity and the dielectric permittivity of the substrate,
the normalized momentum of GPs can be simplified to

e €, + €
. y . 14
1=K (@) (e" Sen—el+€) (14)

Again, €, = €,(0) = ¢, + a|E(0)|2. 6(w) is the in-plane
complex conductivity of graphene. The dispersion of
GPs is given by Re(y), their propagation distance
by L = 1/Im(n).

To demonstrate the effect of substrate nonlinearity, we
focus on a material with ¢, =7.84 and a = 9.99 x
107 m=2 V-1 [18]. The conductivity of graphene is com-
puted within the local random phase approximation [19]
with an intrinsic relaxation time r = uEp/ev%, where vp ~
¢/300 is the Fermi velocity, x4 = 1.00 m®>V-!s™! the
measured DC mobility [20], and Er = 0.4 eV the Fermi
energy. Because of the large field enhancement factor
[10], we simply assume an electric field intensity of
E0)2 =3x108V2m=2 at the interface between gra-
phene and the substrate. Indeed, the electric field at
the surface of graphene and substrates depends on
specific experimental conditions. The dispersion rela-
tion and propagation distance of GPs with and without
nonlinear contributions from the substrate are calcu-
lated by resorting to Egs. (14) and (2), respectively;
see Fig. 1(b).

Without the nonlinear contribution from the substrate,
the momentum of GPs is several hundred times
larger than the free light momentum (the thin solid line)
within a photon energy range from 0.04 to 0.4 eV.
The relative propagation length reaches its maximum
8.5 at an energy of about 0.15 eV (thin dashed line).
If, however, the nonlinear contribution is taken into
account, the momentum of GPs increases by 13% at
the energy 0.15 eV (thick solid line), but the relative
propagation distance remains the same (thick dashed
line), which means that the nonlinear effect effectively
changes the wavelength of GPs.

The nonlinear part in the dielectric permittivity of a
substrate not only depends on the nonlinear coefficient
but also on the light intensity; see Eq. (3). So it is natural
to consider how the nonlinear dielectric permittivity
aE(0)* affects the properties of GPs. Figures 2(a)
and 2(b) visualize dispersion and propagation distance
of GPs, respectively. We find that the positive nonlinear
dielectric permittivity leads to a momentum enhance-
ment of GPs while barely affecting the propagation
length. This behavior indicates that it is possible to
enhance localization of GPs by increasing the incident
electric field or changing to another kind of substrate
with a larger positive nonlinear coefficient. In addition,
the nonlinear contribution with a negative nonlinear
coefficient always diminishes the confinement of GPs
except for a small photon energy window. Surprisingly,
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Fig. 2. (Color online) Dependence of the (a) dispersion rela-
tion and (b) relative propagation length of GPs on the nonlinear
dielectric permittivity £ (0)? in the system [Fig. 1(a)]. Q is the
ratio of photon energy Ao by Fermi energy Er = 0.4 eV.

Table 1. Momenta and Propagation Distances
of GPs with Different Substrates at Light
Wavelength 9.7 ym

Materials SiO, SiC GaAs

n (linear) 30.5065 135.2358 150.3004
n (nonlinear) 30.5032 132.6673 131.8185
L (linear) 8.1585 11.8847 8.1596
L (nonlinear) 8.1585 11.9918 8.1596

the momentum of GPs increases strongly in this region
[-5.4 < aE(0)? < -4], which may find application in
the wavelength range larger than 6 ym. By the way, this
behavior verifies our initial remark that it is incorrect
to generalize the dispersion of GPs by simply inserting
the nonlinear dielectric permittivity from Eq. (3) into
Eq. (2).

Finally, in Table 1, we compare the nonlinear contribu-
tions to GPs of several materials [17]. Although negligible
for materials with a small nonlinear coefficient (like
Si0y), they are notable in strongly nonlinear materials
(such as SiC or GaAs). The momenta of GPs are 2%
and 14% larger, respectively, for our reference light
intensity.

In summary, in this Letter we investigate analytically
the effect of a nonlinear substrate on the properties of
GPs. The confinement of these plasmons can be en-
hanced without impairing the propagation distance.
The effect is important when analyzing GPs or designing
applications with them.
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We report a tunable add/drop channel coupler based on an acousto-optic tunable filter and a tapered fiber. The
coupling efficiency and central wavelength of the add/drop channel coupler are tunable by simply tuning the power
and frequency of the driving radio frequency signal. Further possible improvements on the configuration are also

discussed. © 2012 Optical Society of America
OCIS codes: 060.2310, 060.2430, 060.2330, 060.2280.

In recent years, the add/drop channel coupler has
attracted much attention [1] because of its potential ap-
plications in wavelength-division-multiplexing (WDM)
systems [2], which is one of the most important compo-
nents for enhancing the efficiency and flexibility of the
fiber communication network. Early studies on the
add/drop channel coupler focused mainly on the incor-
poration of fiber Bragg gratings (FBGs) to achieve wave-
length selectivity [3—4]. Because the FBG device has to be
operated in the reflection mode [5], it may introduce un-
wanted optical feedback and extra loss in retrieving the
reflected signal. Subsequently, a component composed
of two parallel identical long-period fiber grating (LPFG)
was introduced into the add/drop channel coupler [6-7],
and it was operated in the transmission mode and did not
have problems in the reflection mode [8]. Besides, there
were also other configurations for the add/drop channel
coupler, for example, the combination of the LPFG with
either the FBG [9] or the tapered fiber [10]. However, it
was difficult for the above configurations to control ef-
fectively the spectral characteristics such as the coupling
efficiency and, more importantly, the central wavelength
of the add/drop channel coupler. The most recent work
with controllable spectral parameters was based on two
parallel identical LPFGs with voltage-controllable coil
heaters [11]. In this Letter, we report a tunable add/drop
channel coupler based on an acousto-optic tunable filter
(AOTF) and a tapered fiber. The output of the AOTF
shows the band-rejection characteristic, and the output
of the tapered fiber shows the bandpass characteristic.
The coupling efficiency and the central wavelength of
the add/drop channels could be adjusted by tuning the
power and frequency of the driving radio frequency
(RF) signal applied to the AOTF. At the same time, pos-
sible improvements on the configuration were also
discussed.

It is known that the AOTF is composed of an acoustic
wave generation system and an unjacketed single-mode
fiber (SMF) [12]. When the acoustic wave propagates
along the unjacketed SMF, a periodic modulation of
the refractive index is produced with a period of hun-
dreds of micrometers in the core of the unjacketed

0146-9592/12/071241-03$15.00/0

SMF, and such a core refractive index modulation
would induce a mode-coupling between the core funda-
mental mode (LP§) and the copropagation cladding
modes (LP‘{lu) when the phase matching condition is
satisfied [13]:

A= (’ng‘f - nﬂt)A, M

where / is the central wavelength; n§? and nﬂt are the
effective index of the core and cladding modes, respec-
tively; and A is the acoustic wavelength in the unjacketed
SMF. As a result, the nonresonant mode propagates in
the core and the resonant mode propagates in the clad-
ding of the AOTF. Thus, the mode coupling between
them generates a notch in the transmission spectrum
of the AOTF. If a tapered fiber with its uniform waist part
is close enough to the AOTF right after the acousto-optic
(AO) interaction region of the AOTF (see Fig. 1), the clad-
ding mode in the AOTF can be coupled to the cladding
mode of the tapered fiber via an evanescent wave. The
cladding mode in the uniform waist part of the tapered
fiber will be coupled to its core mode through a transition
zone with its diameter increasing exponentially up to that
of the tail fiber and then propagating along the tapered
fiber [14]. Therefore, the nonresonant and resonant
modes can be separated and directed to the outputs of
the AOTF and the tapered fiber, respectively. The output
of the AOTF (Port 2) would show the band-rejection
characteristic, and that of the tapered fiber (Port 3)

Lo Lc
Port1 SMF: ~___SMF"Port2
— horn =~ "4
— PZT MgF, Tapg SMF; P
2 req fibe,- Ort3
G2
Fig. 1. Experimental configuration of the tunable add/drop

channel coupler: L,g, length of AO interaction region; L.,
length of the evanescent wave coupling region supported by
a low-index MgF,; substrate and dipped into a refractive-
index-matched liquid.

© 2012 Optical Society of America
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would show the bandpass characteristic; i.e., the struc-
ture works as an add/drop channel coupler. In addition,
the coupling efficiency and the central wavelength of the
output signals can be adjusted by tuning the power and
frequency of the driving RF signal applied to the AOTF.

Figure 1 is the experimental configuration of the tun-
able add/drop channel coupler. The structure of the
AOTF was the same as that in a previous work we re-
ported [15]. An axial mode piezoelectric transducer
(PZT) was attached to a cone acoustic transducer, and
the other side of it was attached to a steel plate as a
mount. The unjacketed SMF had a step index of
A = 0.32%, with a core radius of p., = 4.5 ym and a clad-
ding radius of p., = 62.5 ym. The outer diameter of the
SMF was etched down to 30 ym by the hydrofluoric acid,
and the length of the etched region was 38 mm. The uni-
form waist part of the tapered fiber was fabricated with a
diameter of 18 ym and a length of 14 mm, and the transi-
tion zone of the tapered fiber was 5 mm. The uniform
waist part of the tapered fiber was attached along the
etched SMF of the AOTF with a coupling length of
Lc =10 mm. To increase the coupling efficiency, the
coupling region was dipped into a refractive-index-
matched liquid (n = 1.450), where the acoustic wave
was absorbed and therefore the AO interaction length
Ljo was limited to 28 mm. The whole coupling region
was supported by a piece of MgF, substrate with a lower
refractive index of ~1.37.

RF power of 0.4 dBm was applied to the PZT at a fre-
quency of 0.850 MHz. With an unpolarized light from a
broadband light source coupled into Port 1 of the
SMF, the transmission spectra of Ports 2 and 3 were mea-
sured. The experimental results are presented in Fig. 2.
The black solid curve denotes the transmission spectrum
of Port 2, and it shows a band-rejection characteristic
with a peak efficiency of —17.1 dB at the central wave-
length 1562.7 nm due to the mode coupling between
the LPG} and LP?1 modes. The red dashed curve denotes
the transmission spectrum of Port 3, showing a bandpass
characteristic with peak efficiency of —-5.1 dB. The two
measured spectra are complementary with each other.
Furthermore, by coupling the light into Port 3, i.e., adding

Transmission (dB)

Port2 (Port1 input)

— — Port3 (Port1 input)

—-=--Port1 (Port3 input)

50 A N I N

1450 1500 1550 1600 1650
Wavelength (nm)

-40

Fig. 2. (Color online) The black solid and red dashed curves
denote the output spectra of Ports 2 and 3, respectively, when
coupling the light into Port 1. The blue dashed—dotted curve
denotes the output spectrum at Port 1 of the AOTF by coupling
the light into the tapered fiber.

the signal to the SMF via the tapered fiber, the output
spectrum of Port 1 was measured and depicted as the
blue dashed—dotted curve in Fig. 2. One sees that the blue
dashed-dotted curve coincides with the red dashed
curve, which means that the signal adding and dropping
are almost of the same loss of —5.1 dB. Note that the
bandwidth of the add/drop channels could be narrowed
by increasing the AO interaction length L [16].

With the light coupling into Port 1, the spectral tunabil-
ity of Port 3 is presented in Fig. 3. By increasing the RF
driving power from -9.6 dBm to 0.4 dBm at 0.850 MHz,
the peak bandpass coupling efficiency of Port 3 can be
adjusted from -13 to —5.1 dB at the same central wave-
length of 1562.7 nm, as shown in Fig. 3(a). Furthermore,
the spectral central wavelength of the Port 3 is blue-
shifted linearly with a tuning slope of -0.88 nm/kHz
when one increases the driving RF frequency. For exam-
ple, the central wavelength of Port 3 can be tuned from
1594.7 to 15639.8 nm, covering both the C and L bands,
when the RF frequency is tuned from 0.820 to
0.880 MHz, as shown in Fig. 3(b). Meanwhile, the spectral
central wavelength of Port 3 is always in coincidence
with that of Port 2.

With this configuration, the coupling efficiency and the
central wavelength of the add/drop channels can be ad-
Jjusted quickly and easily [7,10]. Furthermore, it is easy to
incorporate into optical communication systems because
of its all-SMF structure [13].

The above experimental results have demonstrated the
feasibility of the configuration. Moreover, the bandpass
coupling efficiency can be increased further on to reduce
the loss of the signal, which is very important for prac-
tical applications of optical communication [7,10,11]. A
theoretical calculation based on the experiment [17]
shows that the bandpass coupling efficiency depends
on the coupling length L. in a significant way. The band-
pass coupling efficiency reaches a maxima at a coupling
length of L, = 15 mm, as shown by the solid curve in
Fig. 4. The coupling length L; can be finely adjusted
in the experiments with a translation stage under the
monitoring of a stereomicroscope. The relationship be-
tween the bandpass coupling efficiency and L, was mea-
sured experimentally, and the results are shown by the
solid squares in Fig. 4. One sees that the experimental
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Fig. 3. (a) Bandpass coupling efficiency tunability and (b) cen-

tral wavelength tunability of Port 3 from the tapered fiber.



10 ¢

=30 }

40 |

Transmission (dB)

Theory
-50 B Experiment L

0 5 10 15 20 25 30
L_(mm)

Fig. 4. The solid curve and solid squares denote the simulation
and experimental results of the bandpass coupling efficiency as
a function of L., respectively.

results agree with the theoretical prediction very well.
Note that the maximally available coupling length L.
is 10 mm in our experiment, so there is still a large space
to improve the bandpass coupling efficiency by increas-
ing L. Besides, the bandpass coupling efficiency could
also be improved, for example, by setting the uniform
waist part of the tapered fiber to an appropriate diameter
so that the cladding modes of the two fibers have similar
effective index. Furthermore, the transition zone of the
tapered fiber should be long enough and the diameter
of the tapered fiber should vary slowly enough to de-
crease the coupling loss in the transition zone [10].

In conclusion, we have experimentally realized a tun-
able add/drop channel coupler based on an AOTF and a
tapered fiber. The coupling efficiency and the central
wavelength of the add/drop channels can be controlled
by tuning the power and frequency of the driving RF
signal applied to the AOTF. At the same time, possible
improvements on the configuration are discussed. Com-
bined with our recent fiber-winding AOTF structure in
which multi-AOTFs are driven synchronously by one cu-
neal acoustic transducer [15], the tunable multichannel
add/drop coupler can be fabricated. Such add/drop cou-
plers are very useful for coarse WDM applications.
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Molybdenum-doped lithium niobate crystals were grown under different polarization conditions and their holo-
graphic properties were investigated. In contrast to current dopants, hexavalent molybdenum prefers niobium sites.
Thereby, holographic storage becomes possible from the ultraviolet to the visible with considerably lower response
time. The response time of 0.5 mol. % Mo-doped LiNbOj; can be especially shortened to as small as 0.35 s with a still
high saturation diffraction efficiency of about 60% at 351 nm. Molybdenum-doped lithium niobate thus is a

promising candidate for all-color holographic storage applications.

OCIS codes: 160.3730, 210.2860, 190.5330.

Lithium niobate (LiNbOs, or LN) is one of the most used
synthetic crystals at present. This is because the com-
pound presents a very interesting combination of proper-
ties and characteristics that make it possible to tailor its
behavior for useful devices [1]. Holographic data storage
promises to be the next generation storage technology
[2—4]. Despite many efforts, it is not yet mature enough
for commercial application because the ideal material is
lacking [5]. Although the mainstream research material,
iron-doped LiNbOjs (LN:Fe), performs well in some re-
spects, it still is too slow and volatile, to mention just
two deficiencies. Even if LiNbOs is doped with iron and
manganese (LN:Fe, Mn), which solves the volatility
problem [6], the material still responds very slowly.

Substituting ions of the pure crystal by dopants is the
essence of the silicon technology that has been so suc-
cessful [7], and the same is true for its LINbO3 counterpart.
For example, waveguides (regions of increased refractive
index) can be fabricated by titanium in-diffusion or by pro-
ton exchange [8]. Photorefractive properties (change of
refractive index upon illumination) can be improved by
doping with Fe3*/2+ Mn3+/2+ Cu?*/* or Ce®*/2* [9,10].
The resistance to optical damage (unwanted refractive in-
dex changes upon illumination) may be enhanced by dop-
ing with Mg?*, Zn?*, In3*, Hf**, or Zr'* [11-15]. The
problems of LiNbO; for real applications may be tracked
down to insufficient control of defects. A systematic ana-
lysis of the effects of currently used dopants reveals that
their valences are all below 5+, the valence of Nb. There-
fore, they preferably occupy Li sites. This gives rise to
the thought that, if LiNbOg is doped with ions of valence
6+ or more, these ions may occupy Nb sites and thereby
induce new effects. Here, we report on the photorefrac-
tive properties of LiNbOs; doped with the hexavalent
molybdenum ion Mo®* (LN:Mo).

A series of LN:Mo crystals, which were grown along
the c-axis by the conventional Czochralski technique,
were used in this investigation. The [Li]/[Nb] composition
was chosen as 48.38/51.62. The doping concentration of
MoOs is 0.1, 0.3, 0.5, 1.0, and 2.0 mol. %, labeled as LN:
Mo0.1, LN:Mo0.3, LN:Mo0.5, LN:Mo1.0, and LN:Mo2.0,
respectively. The as-grown crystals were annealed at

0146-9592/12/132679-03$15.00/0
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1150 °C for 10 h in room atmosphere and artificially poled
under an electric current of 70 mA for 15 min at 1170 °C.
The polarization conditions proved to influence the crys-
tal’s color, so we selected various electric currents for
LN:Mo0.5. Finally, 3.0 mm and 1.0 mm thick y-oriented
plates were cut and polished to optical grade.

The holographic properties of LN:Mo crystals in UV-
visible range were investigated by two-wave mixing in
transmission geometry. Four wavelengths were chosen
for the measurement, namely, 351, 488, 532, and 671 nm
from an Ar™* laser and cw frequency-doubled solid-state
lasers, respectively. The extraordinarily polarized laser
was split into two beams of equal intensity (intensity
per beam 320, 400, 400, and 3000 mW/cm?, respec-
tively). Two mutually coherent beams irradiated these
3.0 mm thick plates with a crossing angle of 30 deg.
The grating vector was aligned along the c-axis to exploit
the largest electro-optic coefficient 733. The measured
diffraction efficiency is defined as n=1I;/4;+ I;),
where I; and I, are the diffracted and transmitted inten-
sity of the readout beam, respectively. The photorefrac-
tive response time constant 7, and the saturation
diffraction efficiency 7, are described by the function
of n(t) = n[1 - exp(-t/7,).

The optical absorption spectra of LN:Mo -crystals
were measured at room temperature by a Beckman
DU-8B spectrophotometer with light transmitting
through 1.0 mm thick y-plates. We obtained the absorp-
tion change by subtracting the measured light absorption
of CLN from that of LN:Mo, within the wavelength range
from 300 to 800 nm. The X-ray single crystal diffraction
analysis was performed with a Bruker SMART APEX
CCD area-detector diffractometer at room temperature.
X-ray photoelectron spectroscopy (XPS) was recorded
using a Kratos Axis Ultra DLD spectrometer.

The photorefractive properties of LN:Mo samples are
shown in Fig. 1. For comparison, nominally pure congru-
ent LiNbO3 (CLN) and 0.03 wt. % Fe,;O3-doped LN (LN:
Fe0.03) were also measured. Due to strong absorption,
the holographic storage of LN:Fe0.03 at 351 nm was not
measured. We can see that holographic gratings were
established for all LN:Mo crystals from UV to the visible.

© 2012 Optical Society of America
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Fig. 1. (Color online) Photorefractive characteristics of LN:
Mo crystals from UV to the visible. The light intensity is 320,
400, 400, and 3000 mW/cm? for 351, 488, 532, and 671 nm
lasers, respectively. The hollow symbols are for LN:Fe0.03.

The diffraction efficiency increases, while the response
time shortens, when the light wavelength varies from
671 to 351 nm. When the doping concentration of Mo
increases, the diffraction efficiency increases, while the
response time decreases at first, reaches the minimum
value at 0.5 mol.%, and then increases. These results
indicate that 0.5 mol.% Mo is the optimized doping
concentration.

We found that the color of LN:Mo crystals varies with
the polarization conditions, so different electric current
was selected for LN:Mo0.5. The relationships between
the photorefractive properties of LN:Mo0.5 and polariza-
tion currents are shown in Fig. 2. We can see that the
influence of polarization current on the diffractive effi-
ciency is not large; it increases slightly at 351 nm, gradu-
ally increases at 488 and 532 nm; and decreases at first,
reaches minimum value at 125 mA, and then increases at
145 mA for a 671 nm laser. But the response time de-
creases with increasing polarization current and reached
minimum value at 145 mA,; it is 0.35, 5.5, 3.0, and 2.0 s at
351, 488, 532, and 671 nm, respectively. This is about one
to three orders of magnitude shorter as compared with
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Fig. 2. (Color online) UV-visible photorefractive characteris-
tics of LN:Mo0.5 crystals polarized under various polarization
currents for 15 min. The light intensity per beam is 320, 400,
400, and 3000 mW /cm? for 351, 488, 532, and 671 nm lasers,
respectively.

as-grown CLN or LN:Fe 0.03. In particular, at 351 nm,
the response time of 0.35 s is very small without impair-
ing the diffraction efficiency of 60.7%. As we know, UV
holographic storage in LN:Fe is nearly impossible due to
strong absorption.

Then the origin of the fast response of LN:Mo crystals
in the UV to visible range was investigated. As we know
from other LN dopants, a defect ion has a unique energy
level within the bandgap. It can serve as a photorefrac-
tive center if the ion may change its valance upon illumi-
nation, such as Fe3t/2t Mn3t/2t Cu2t/t, or Cedt+/2+
[9,10]. However, the light's wavelength must fit the
energy difference to the conduction or valance band.
Although the energy level of a localized defect ion is
not sharp, a one-center model cannot explain the large
range of photorefractive sensitivity from UV to the
visible.

Thus, the nature of the photorefractive center has to
be clarified. We investigated the light erasing behavior
of photorefractive gratings in the LN:Mo crystals. As
expected, fitting the data by a single exponential function
n = noexp(-t/ty) resulted in a large deviation, while
a sum of two exponentials 7= exp(-t/7;)+
ns exp(—t/t3), where 7, is the amplitude and 7 is
time constant, respectively, reproduced the measured
values quite well. This implies that at least two kinds
of photorefractive centers are involved.

The valence of Mo ions in LN:Mo was determined by
XPS. Six peaks can be distinguished when analyzing the
intensity versus energy curve, as shown in Fig. 3. Accord-
ing to previous research [16,17] these peaks allow us to
identify the valence of the Mo ions as 4+, 5+, and 6+,
respectively. The crystal structure of LN:Mo was checked
by X-ray single crystal diffraction analysis. The results
show that the normal structure of LN remained intact.
Mo®* ions push regular Nb®t+ to Li sites, forming new
defects of Moy, and a larger amount of anti-site Nb°*.

Figures 4(a) and 4(b) show the absorption difference
between LN:Mo and CLN. A pronounced absorption peak
in the UV region and a wide absorption region from 400 to
800 nm was observed for LN:Mo. The wide range of
the continuous absorption spectrum means that charge
carriers can be excited from different energy levels
at various wavelengths. This is essential for all-color
holographic storage. Figure 4(b) indicates that increasing
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Fig. 3. (Color online) XPS spectra of LN:Mo. The experimental
curve can be fitted to six peaks by the XPS Peaks software.
These peaks could be divided into three groups: peaks 1 and
4, peaks 2 and 5, and peaks 3 and 6, corresponding to Mo ions
as 4+, 5+, and 6+, respectively.
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Fig. 4. (Color online) Absorption difference of LN:Mo relative
to CLN: (a) LN:Mo with various doping concentration; (b) sam-
ple LN:Mo0.5 polarized under various current for 15 min; and
(c) The fitting curve of LN:Mo0.5 polarized under 145 mA for
15 min, where the circles represent experimental data and
the solid lines are fitting curves, the fitting peaks centered at
about 326, 337, and 461 nm, respectively.

polarization current also has the effect of reduction. A fit
of the absorption spectrum to a sum of Lorentz functions
revealed three peaks centered at about 326, 337, and
461 nm, as shown in Fig. 4(c). The oscillation around
660 nm may come from the change of detector in the
spectrometer.

According to the broadly accepted Li-vacancy model,
the main intrinsic defects of CLN are Li vacancies (Vi;)
and anti-site Nb>*+ (Nbfi*). The UV photorefraction of
CLN is related to O*/~ near Vi, (0?>/--Vp), and
0%/~ -V, 0*/~Mg};, and 0?7/~ -Zry, are the UV
photorefractive centers in LN:Mg and LN:Zr [18,19].
Thus, it is reasonable to assume that 0%/~ ions close
to Vi; and Moy, (0?7/~ - Moy;) are the UV photorefrac-
tive centers in LN:Mo as well. The UV absorption edge of
CLN has been attributed to the presence of Li vacancies;
actually of O?>~/~ -V, ions, in the vicinity of Vi; [20]. Be-
cause the UV peak at 326 nm is close by the ultraviolet
absorption edge of CLN, it should be correlated with the
0%/~ - Vi; defect, while the 337 nm peak corresponds
to 0?7/~ - Moy,.. It is well known that small polarons
(an electron trapped at Nbfi*) together with bipolarons
(a pair of electrons trapped at adjacent Nb{;~ and Nb3)
play the role of photorefractive centers in CLN [21,22].
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The energy levels of the bipolaron and the small polaron
are approximately 2.5 eV and 1.6 eV, corresponding to the
absorption bands at 490 and 780 nm, respectively. Since
the latter can be observed only at temperatures below
80 K [23], the absorption band at 470 nm could be attrib-
uted to bipolarons.

In summary, hexavalent molybdenum-doped lithium
niobate crystals were grown under different polarization
conditions and characterized. LN:Mo allows for holo-
graphic storage from UV to the visible with excellent
properties. The response time can be shortened to as
small as 0.35 s with a still-high saturation diffraction
efficiency of about 60% at 351 nm. These features can
be attributed to Mo®* ions occupying regular Nb sites.
This novel defect cannot be created by other dopants
currently in use. Our results make LN:Mo an excellent
candidate for all-color holographic data storage.
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We explore the peculiar interference behaviors of the vector fields in the Young’s two-slit configuration. The inter-

ference patterns have a chessboard structure in the middle region and depend on the topological charge and the
initial phase of the input vector field. The results have potential applications such as characterizing the topological

properties of the arbitrary vector fields.
OCIS codes: 260.0260, 260.3160, 260.5430, 260.6042.

One of the salient features of light is coherence, which
describes all properties of the correlation among physi-
cal quantities of light. Recently, the interference of the
light fields with spatial phase distribution has given rise
to a number of effects. For instance, the optical vortices
result in the effects of diffraction in the single slit [1] and
interference in the double slit [2] due to the presence of
orbital angular momentum (OAM). A multi-pinhole inter-
ferometer was proposed to probe the OAM of optical vor-
tices [3,4]. In particular, the OAM can be used to unveil
the lattice properties hidden in diffraction patterns using
a simple triangular aperture [5].

Recently, manipulating the states of polarization
(SoPs) has become a subject of rapidly growing interest
[6]. The polarization as an additional freedom can be
used to control light field, such as creation of the vector
fields [7,8], which have spatially inhomogeneous SoPs.
The radially polarized field can be tightly focused into
a spot beyond the diffraction limit and with the strong
longitudinal field [9]. The azimuthally polarized fields
can be highly focused into a dark hollow doughnut
[10]. The vector fields have resulted in many unexpected
effects and applications, such as nonlinear optics [11,12],
quantum information [13,14], near-field optics [15], opti-
cal trapping [16,17], and imaging [18].

Here we explore theoretically and experimentally the
two-slit interference of the vector light fields. The fringe
structure carries the information of the polarization dis-
tribution and then unveils the vector characteristics of
the light fields. As a result, the two-slit interference
can serve as an alternative way of measuring the topolo-
gical charge of the polarization distribution of the vector
fields.

The azimuthal-variant local linearly polarized vector
field can be expressed in the xy plane as [8]

with E;(v,y) = cos(lp + ¢9) and Ey(x,y) = sin(lep+
@o), where ¢ = arctan(y/x). £ and g are the unit vectors
in the +a and +y directions, respectively. The integer { is
the topological charge in the azimuthal direction ¢ and
the initial phase ¢, (with a value range of ¢, € [-7, z])
determines the direction of polarization in the +x direc-
tion. The local linearly polarized vector field described by
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Eg. (1) has a singularity caused by the polarization uncer-
tainty located at the origin of the (x, y, 2) system.

Different from the scalar fields with the homogeneous
distribution of SoPs, the Young’s two-slit interference of
vector field should exhibit some novel effects, due to the
inhomogeneous distribution of SoPs. A monochromatic
vector field described by Eq. (1) falls on the two slits
A and B, which are placed in the xy plane, equidistant
from the origin and parallel to the y direction. The vector
fields transmitted through two slits act as two secondary
line sources and then the light fields from them are
superposed on the observation screen parallel to the
xy plane. Let b be the separation of the slits, a the slit
width, and d the distance of the observation screen from
the xy plane. Suppose the slit width a is narrow enough,
the slit length is infinite, and the separation b is small en-
ough compared to d. Thus, inside the two slits the light
polarization can be considered to be homogeneous in the
2 direction while it is still space-varying in the y direction.

The local linearly polarized vector field can be decom-
posed into two orthogonal x- and y-polarized compo-
nents, which can be independently treated. The x and
y components transmitted through the two slits A and
B depend only on y independent of x

EQ(B) (y) = cos[teap) + @ol, 2
E,P () = sinltga + o). ®)
where ¢, = arctan(-2y/b), ¢@p = arctan(2y/b), and

@4 = —@pg. For the x and y components, the interference
intensity distributions are written as

I.(x,y) x 1+ cos(2lgg) cos(2¢)

+ [cos(2lpp) + cos(2¢g)] cos ¢, (4a)

I;(x,y) < 1-cos(2lpg) cos(2¢p) 1
+ [cos(2Lpp) — cos(2¢y)] cos ¢, (4)

where ¢ = 2zbx/Ad and the terms including cos ¢ indi-
cate the interference effect. Hence the distribution of the
total intensity is

© 2012 Optical Society of America



I(x,y) = I;(x,y) + I;(x.y) < 1+ cos(2lyp) cos ¢. (5)

A factor cos(2lpp) in Egs. (4) and (5) and a factor
cos(2¢,) in Eq. (4) are from the contribution of the vector
field; that is to say, they embody the intrinsic feature of
the two-slit interference of the vector field.

We now explore experimentally the Young’s two-slit
interference of the vector field. A He-Ne laser at 1 =
632.8 nm as a light source is used to create the vector
fields described by Eq. (1), by the method in [8]. The
created vector field falls normally on the two slits with
a~0.2mm and b~ 0.8 mm. A CCD with a distance d ~
500 mm from the slits is used to acquire the interference
patterns. A polarizer can be inserted between the slits
and CCD and then to acquire the interference patterns
of the x and ¥y components.

Figure 1 shows the measured interference patterns of
four ¢ = 1 vector fields with ¢y = 0,7/4, /2 and 3x/4.
Figures 2 and 3 show the situations of two vector fields
with (L =2, ¢y = 0) and ({ = 3, ¢, = 0), respectively.

As shown in Figs. 1-3, differently from the well-known
Young’s two-slit interference of the scalar light field, the
interference patterns of the vector light fields exhibit the
spatial structure in the y (slits) direction besides in the x
direction. The interference pattern of the total field de-
pends only on { independent of ¢,. In contrast, the inter-
ference patterns of the x and ¥y components depend on
both € and ¢, in particular, the shift between the inter-
ference fringes of the x and ¥ components, depending on
@o- The behavior of the Young’s two-slit interference of
the vector light fields can be understood as follows.

We find from Egs. (4) and (5) that the interference
fringes described by I;(x,y), I;(x,y), and I(x,y) have

Interference field

Input field

o)

O

Total field X component y component

Fig. 1. (Color online) Patterns of the Young’s two-slit interfer-
ence of the £ = 1 vector fields with ¢, = 0, z/4, z/2 and 3z /4.
The left column gives the SoP distributions of the correspond-
ing input vector fields.
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Interference field

Input field

Simulation

—
c
Q

£
=
[0
Qo
x

L

Total field X component

y component

Fig. 2. (Color online) Patterns of the Young’s two-slit interfer-
ence of the vector field with (£ = 2, ¢, = 0). The left column
shows the SoP distributions of the input vector fields.

the same period of A = Ad/b in the x direction per-
pendicular to the slits. The interference fringe of
I(x,y) is independent of the initial phase ¢,. Comparing
Eq (4a) with Eq. (4b), we can find Ly(&. )l =
I (x y)'qzo =0,£x and /[ (.%' y)|q;0 tr/2 = (x y)|¢ =047 im-
plymg that the mterference fringes of the x and y
components have a shift of a half of fringe period
(A/2) when @y =0, +7/2 and +x. When ¢, = +x/4
or +3r/4, however, we have I;(%,Y)|,=+r/4 4324 =
Ly(%, )| py=tr/a,+37/2, Suggesting that the interference
fringes described by I;(x,y) and I;(x,y) are completely
identical, so that the interference fringe of I(x, y) has the
same pattern as that of the x or ¥ component. Except for
@o = 0 (or £x), £7/4 (or £3x/4) and +x/2, the shift be-
tween the interference fringes of the x and y components
is between 0 and A/2.

The interference pattern can be separated into two
kinds of regions in the y direction, by the boundaries
of y = £b/2 tan(x/4f), where the total intensity is inde-
pendent of x and is a half of the maximum intensity. The
first region is within a range of |y| > b/2 tan(z/4l), re-
ferred to as the region (,;, as shown in Figs. 1-3, away
from the centerline y = 0. The second one belongs to
the region of -b/2 tan(z/4l) <y < b/2 tan(x/4L), re-
ferred to as the region (), in the immediate vicinity of

the centerline y = 0.

y component

Interference field

X component

Input field

Simulation

=
[ =
5]
£
=
]
o
X
iy

Total field

Fig. 3. (Color online) Patterns of the Young’s two-slit interfer-
ence of the vector field with (£ = 3, ¢y = 0). The left column
shows the SoP distributions of the input vector fields.
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In region ();, we can consider y — +o (g — +7/2).
So Egs. (4) and (5) can be simplified as I 21 (r) x
1+ cos(tx) cos(2¢y) + [cos(Ex) 4 cos(2¢g)]cos ¢, I 21 (x) x
1 - cos(fx) cos(2¢y) + [cos({n) — cos(2¢y)] cos ¢, and
I (x) = 1 + cos(tx) cos ¢, respectively. When 2¢, and
{7 have the opposite phase, I%l (x) =0. In contrast, the
interference fringe of the y-polarized component is simi-
lar to that of the well-known two-slit interference, and
the interference fringe for an odd { has a shift of a half
of fringe period with respect to that for an even £. If 2¢,
and {r are in phase, the interference behaviors are oppo-
site to the above situation. If ¢y = +7/4 and +37/4, the
interference fringes of the - and y-polarized components
have no difference for any integer {. The interference
fringe of the total field is independent of ¢, but the inter-
ference fringes between the odd £ and the even { have a
relative shift of A/2.

More interestingly, interference behavior is in the re-
gion (). The intensity is modulated by both x and y, un-
like in the region ;. For the x or y component, the field
intensity (bright or dark) at the origin of (x,y) = (0,0) is
determined by ¢, only independent of {. For instance,
when ¢y = +7/2 (¢ = 0 or r), the x- and y-polarized in-
tensities at the origin are the minimum and the maximum
(the maximum and the minimum), respectively. In con-
trast, when ¢, = +7/4 or +3x/4, the x- and y-polarized
intensities at the origin are both the maximum. Based on
this, we can determine the initial phase ¢, of the input
vector fields. The total intensity is always the maximum
at the origin, that is to say, the origin is always bright for
any £ and ¢y,. When cos ¢ =1 (i.e.,, 2zbx/Ad = 2mx,
where m is an integer), the total intensity exhibits the
maximum for 2{pp = 2mx while the minimum for
2pp=Cm+ Dr. If cos¢p=-1 (e, 2zbx/id=
2mr + r), the total intensity is the minimum for 2{pgz =
2mn while the maximum for 20py = 2m + 1)z. In the
region ()y, therefore, the interference pattern exhibits a
chessboard structure; in particular, the total number of
the bright and dark regions is equal to 20 — 1 in the x =
mA or x = (m £ 1/2)A lines. Based on this, we can de-
termine the topological charge { of the input vector field.

In summary, we investigate the peculiar behaviors of
the two-slit interference of the vector fields. The results
reveal that the interference pattern of the total intensity
is allowed to determine the topological charge of the in-
put vector field, while the interference patterns of the x

and y components can be used to determine the initial
phase of the input vector field. This method should also
be effective for characterizing the topological properties
of the complex vector fields, for example, the vector
fields with hybrid SoPs [19] and the vector vortex fields
with the higher-order SoPs [20].

This work is supported by the National Basic Research
Program (973 Program) of China under Grant
No. 2012CB921900, and the National Natural Science
Foundation of China (NSFC) under grant 10934003.
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Field collapse, which occurs in various nonlinear systems, has attracted much attention, owing to its
universality, complexity, and applicability. A great challenge and expectation is to achieve the controllable
and designable collapsing pattern. Here we predict theoretically and demonstrate experimentally the novel
collapsing behaviors of the vector optical fields in a self-focusing Kerr medium. Surprisingly, the results
reveal that the collapse of the vector optical field is controllable and designable by engineering the
distribution of hybrid states of polarization, and has the robust feature insensitive to the random noise. Our
idea has its significance which it opens a new window for manipulating the optical field and the different
kinds of field, and then facilitates to push the related researches.

ptical field will undergo collapse at the input power above a certain critical power when an intense laser
field propagates in a transparent self-focusing medium'~. The high intensity as the collapse exacerbates
will induce other nonlinear effects, such as multiphoton and saturable absorptions, to counterbalance
self-focusing, resulting ultimately in filamentation® . Filamentation is an interesting and important topic due to
its underlying physics and practical implication in many branches of physics'*"'*. A great challenge and expecta-
tion is to tame the randomicity and then to realize the controllable and even designable filamentation. For this
purpose, several methods have been proposed such as, controlling the input power and divergence angle",
shaping the field profile*®*, using amplitude/phase mask®*, and introducing spatial regularization™.
Polarization, as an intrinsic and fundamental vectorial nature of light, plays an indispensable role in the
interaction of light with matter. Trisorio and Hauri”’ demonstrated the spatial control on two filaments using
circularly polarized femtosecond laser pulses. Fibich and Ilan**® presented a theoretical prediction that under the
nonparaxial condition solely, the vectorial (polarization) effect of the homogeneously linearly-polarized field can
lead to two filaments. However, polarization and its diversity of spatial distribution are not yet utilized fully. For
the field collapse and the multiple filamentation, besides the self-focusing effect which is a requirement for the
propagation medium, a prerequisite is that the optical field should be axial-symmetry breaking in and of itself.
Therefore, to achieve the active control for the field collapse and the multiple filamentation, the key points are that
the axial-symmetry breaking must be controllable and even designable, and the randomicity must be effectively
suppressed simultaneously. A question is raised that whether the state of polarization (SoP) of light, as a degree of
freedom, can be used to break the axial symmetry of optical field and to then availably control the field collapse
and multiple filamentation. Vector optical fields with spatially inhomogeneous SoP distribution**° provide
indeed such an opportunity and possibility, due to the designability and diversity of SoP distribution.

Results

In this paper, we present an idea that the axial-symmetry breaking of optical field by engineering the azimuthally-
variant SoP distribution controls the collapsing filamentation. We perform, to the best of our knowledge, the first
study of the collapse of the vector optical fields in a self-focusing Kerr medium. The experimental results are in
excellent agreement with our theoretical prediction. Some novel features are found, including the controllable,
designable and robust features. The present study can contribute further to the study of collapsing filamentation
in other nonlinear systems and other kinds of fields.

An important route breaking the axial symmetry of optical field is based on the azimuthally-variant hybrid-
polarized vector field (AV-HP-VEF), which is a family of vector optical field with a “top-hat-like” intensity profile
excluding a central singularity caused by the polarization uncertainty®®. Under the weak focusing condition, the
focused AV-HP-VF exhibits a uniform-intensity focal ring instead of a focal spot™. Its radially variant amplitude
A(r) can be described by the generalized hypergeometric function; nevertheless, as a well approximation, A(r) can
take the form of A(r) = aor exp(— 7 / 2rp )» where r is the radius of the focal ring. Inasmuch as the weak focusing
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does not change the SoP distribution, the focused AV-HP-VF in a
polar coordinate system (r, ¢) can be written as

E(r,$) =A(r)[cos 6|H) +e /™2 sin §| V)], (1)

where d = m¢ + ¢, (m is the topological charge and ¢, is the initial
phase), and |H) and | V) are two unit vectors indicating the horizont-
ally and vertically polarized components, respectively. For the AV-
HP-VF with m and ¢y, the local linear polarizations are located at a
series of azimuthal positions ¢"*(n) = nn/2m — ¢o/m, whereas local
circular polarizations are at a series of §“"(n) = (2n+1)n/dm — ¢o/m
(wheren =0, 1, ..., 4m—1). Differently from the optical vortex’', the
AV-HP-VFs carry no orbital angular momentum though they also
have a strictly zero field at the central singularity®. By contrast, an
azimuthally-variant linearly-polarized vector field (AV-LP-VF) can
be written as follows

E(r,¢) =A(r)[cos §|H) + sin d|V)]. (2)

Compared Eq. (2) with Eq. (1), it can be found the unique difference
that the horizontally and vertically polarized components have a
phase difference of —n/2 for AV-HP-VF, while are in phase for
AV-LP-VF.

To theoretically explore the nonlinear propagation behavior of a
vector optical field in a Kerr medium, the (2+1)-dimensional vector-
version nonlinear Schrédinger (NLS) equation should be used.
Under the slowly varying amplitude approximation, the vector-ver-
sion NLS equation can be divided into a pair of coupled NLS equa-
tions for two orthogonal horizontal and vertical components

W _J jrP

o _4V2Ll//H+E(3|¢H|2l//H+2|¢V‘2¢H+II/%/¢;{)5 (3a)
0 j jo.P .
O It B2 5l Py 2Pl + V). (30)
ol 4 3Pc

where Y, (9 = H, V) is the nondimensional g-component

normalized by the total field, Ipq(p,gl);C):Eq(p,qﬁ;C)/

VT IEp6: 0P +1E (0. OF Ipdpdd. p=r/ro, { = zlLa
(Ly = mry*/A) are the nondimensional cylindrical coordinates.
P=2no¢oc [ [|En(r.¢; z)|2 + Ev(p,¢; z)|2}rdrd¢ is the power, P =
oA*/4mngn, is the critical power for self-focusing, ng and n, are the
linear and nonlinear refractive indices of the Kerr medium, o is a
constant dependent on the initial field shape™, c is the speed of light
in vacuum, and 4 is the wavelength, respectively. On the right-
hand side of Eq. (3), the first term represents the contribution
from the diffraction described by the transverse Laplacian

1 1
V2 =0%/0p? —l—;ﬁ/@p —l—;(’)‘z/@zﬁz, and the second term is from the

Kerr nonlinearity.

We performed a large number of simulations using Eq. (3) under P
= 10P¢ in a self-focusing Kerr medium. When the spatial random
noise is added in simulation, the random noise with a level of =10%
amplitude is used. The first and second rows in Fig. 1 illustrate the
simulation results for the collapsing behavior of the focused AV-HP-
VF (with m = 1 and ¢y = 0) described by Eq. (1), without and with
random noise, respectively. By comparison, the third and fourth
rows in Fig. 1 show the simulation results for the AV-LP-VF (with
m = 1 and ¢, = 0) described by Eq. (2), which is the well-known
radially-polarized vector field (RP-VF)*, without and with random
noise. Although both AV-HP-VF and RP-VF display the same focus-
ing ring, their nonlinear propagation behaviors are quite different.
Figure 2 shows the simulated collapsing patterns of the AV-HP-VFs
with m = 1 (¢o = 0 and /4) and m = 2 (¢, = 0 and 7/8) when the
spatial random noise is added. Summarizing all the simulation
results performed, we can draw following conclusions. For the AV-
HP-VF with the given m and ¢y, (i) the azimuthally-variant hybrid

AV-HP-VF

[
k2
o
=
E=]
=
[T
=
a
3
z

RP-VF with Noise

Figure 1 | Simulated nonlinear propagation behaviors of AV-HP-VF
with m = 1 and ¢, = 0 in equation (2). The first and second rows
correspond to the cases without and with random noise, respectively. For
comparison, the RP-VFs without and with random noise are also shown in
the third and fourth rows. The four columns (from left to right)
correspond to four propagation distances ({ = 0, 0.12, 0.24, 0.36). The SoP
distributions are also shown in the first column.

SoP distribution leads to the axial-symmetry breaking; (ii) the field
undergoes the collapse to converge into the deterministic filaments;
(iii) the number of filaments is 4m depending solely on m; (iv) the
filaments are always located at the azimuthal positions ¢"(n), where
their local SoPs are linearly polarized; (v) the collapsing pattern
exhibits a 4m-fold rotation (Cy,,) symmetry; and (vi) the collapsing
patterns persist among simulations, with and without different ran-
dom noise, implying that collapsing patterns are insensitive to noise.
Meanwhile, for the AV-LP-VFs, (i) the purely ideal AV-LP-VF
always remains in the axially symmetric ring, indicating that the
purely ideal AV-LP-VF cannot converge to the deterministic mul-
tiple filaments; and (ii) the collapsing filaments produced by AV-LP-
VF with the random noise has the uncertainty, similar with the
collapses of optical vortices* and polarization vortices™.

To experimentally confirm our theoretical prediction and numer-
ical simulations, all the required vector fields with different m and ¢,
were created by using the experimental scheme®. The created AV-
HP-VFs and AV-LP-VFs were weakly focused into a uniform-
intensity focal ring and then incident into the CS, cell with a length
of 10 mm, by an achromatic lens with a focal length of f = 300 mm.
The intensity patterns of the field transmitted from the CS, cell
are imaged on a detector (Beamview, Coherent Inc.) using an
achromatic lens with a focal length of f = 60 mm. The experimental
results of the AV-LP-VFs (not shown here) reveal that the number
m=1,¢o=0 m =1, ¢o = /4

m=2,¢0=0 m =2, ¢o = /8

p

|
Ho

Figure 2 | Simulated collapsing patterns of AV-HP-VFs with different m
and ¢, at a propagation distance of {'= 0.36 with random noise.
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and positions of the induced collapsing filaments have the uncer-
tainty among the experiments, depending on the spatial random
fluctuation of the input field. Any one of the measured collapsing
patterns of the m = 1 charge AV-HP-VFs, with four different do
(= 0, n/8, m/4, 31/8), consists of four deterministic filaments and
exhibits a fourfold rotation (C4) symmetry (Fig. 3). The four patterns
have no difference in nature, whereas their unique difference is that
the patterns from Fig. 3a-d are rotated counterclockwisely in
sequence by an angle of 71/8. Figure 4 shows the measured collapsing
patterns of AV-HP-VFs (with ¢, = 0) for m = 1, 2, 3, 4. The m-
charge AV-HP-VF produces 4m deterministic filaments, where m =
1,2, 3, 4, with the number of filaments being 4, 8, 12, 16, respectively.
The collapsing pattern exhibits a 4m-fold rotation (Cy,,) symmetry.
In particular, the positions of filaments for any AV-HP-VF always
coincide with those of the local linear polarizations in the azimuthal
dimension. The collapsing patterns of the AV-HP-VF with a given m
and ¢, persist among experiments, implying that the collapsing pat-
terns are indeed insensitive to the ransom noise. Moreover, the col-
lapsing pattern of the AV-HP-VF is controllable and designable by
engineering the spatial hybrid SoP structure.

Discussion

To understand the physics behind the collapse of AV-HP-VF, a
cross-coupling model is presented (Fig. 5). Multiple filamentation
requires the simultaneous spatial confinements in both the radial and
azimuthal dimensions. The self-confinement in the radial dimension
is due to the focal ring. However, it is of great interest and of crucial
importance to reveal the mechanism behind the axial symmetry
breaking that leads to the multiple filamentation. Therefore, we
ignore the radial terms 0°/dp® and 0/dp in the transverse
Laplacian V2, while concentrate only on the azimuthal term
*/0¢* in Eq. (3). The Kerr medium is divided into N equal-length
thin segments (each thin segment has a normalized length of A{ = L/
N), so that the nondepletion approximation is valid within any thin
segment. After the focused AV-LP-VF described in Eq. (2) passing
though the 1st segment, based on Eq. (3), ¥y and , can be
expressed as follows

Vil = [A+i(B+C)] cosi, (4a)
Yyli— g =[A+j(B+C)]siné, (4b)

thereby obtaining
(Wal*+ vl =A%+ (B+C), (5)

+71/8
+71/8

+T/8

Figure 3 | Measured collapsing patterns of AV-HP-VFs with m = 1 for
different ¢y. (a) ¢y = 0. (b) ¢o = /8. (c) po = m /4. (d) ¢pg = 37 /8.

Figure 4 | Measured collapsing patterns of AV-HP-VFs with ¢, = 0 for
different m. (a) m = 1. (b) m = 2. (¢) m = 3. (d) m = 4.

where B= — Am?A{/4 and C=aPA>A{/Pc. Based on Egs. (4) and
(5), we can find: (i) the horizontal and vertical components are
always held in phase, implying that spatial SoP distribution has no
change; and (ii) the intensity distribution still exhibits axial sym-
metry. Therefore, a purely ideal AV-LP-VF can never produce the
deterministic multiple filamentation, which is in excellent agreement
with the simulation (the third row of Fig. 1). As such, any azimuthal
position is equivalent or indistinguishable. In the presence of azi-
muthal perturbations, axial symmetry breaking will lead to the fila-
mentation'~ (also see the fourth row of Fig. 1).

After the AV-HP-VF described in Eq. (1) passing through the 1st
segment, based on Eq. (3), Y and y, can be expressed as follows

Vile—ac={A+jB+(C/3)(1+2cos* 9)]} cos s, (6a)
Uvl—ae=i{A+jlB+(C/3)(1+2sin’ 9)]} sind,  (6b)

thereby obtaining
(Wul* + v )], o =A +B cos(49), (7a)
e A'=A24 (B—C)*—(B+5C/6)(C/3), (7b)
B'=—(B—5C/6)(C/3). (7¢)

00 02 04 06 08 1.0
Azimuthal position ¢ (r)

Figure 5 | Cross-coupling model for the collapse of AV-HP-VF. (a) The
intensity and SoP distributions in the input plane. (b) Those behind the
first segment. (c) Those behind the nth segment. (d) Those in the output
plane. Arc arrows indicates the energy exchange directions. (e) The
simulated evolution of S; of azimuthal hybrid SoPs for the AV-HP-VF with
m = 1and ¢y = 0 (only the azimuthal range from ¢ = 0 to 7 is shown).
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Figure 6 | Azimuthal self-focusing model for the collapse of AV-HP-VF. (a) Input focused AV-HP-VF. (b) Induced azimuthal self-focusing lenses.
(c) Axial-symmetry broken AV-HP-VF. (d) Induced azimuthal self-focusing lenses with the shorter “focal length”. (e) Collapsing filaments.

Equation 7 suggests that the nonlinear cross-coupling results in the
energy redistribution of AV-HP-VF in the azimuthal dimension (or
the axial symmetry breaking). It should be pointed out that the
intensity distribution still holds the axial symmetry in the absence
of nonlinearity (n, =0—C=0—B =0). As an example, the AV-HP-
VF with m = 1 and ¢, = 0 is considered (Figs. 5a-d). In the input
plane ({ = 0), the focused AV-HP-VF has the azimuthally-invariant
intensity distribution, while the azimuthally-variant hybrid SoP dis-
tribution (Fig. 5a). After the 1st segment, the cross-coupling results
in the energy exchange in the azimuthal dimension toward the loca-
tions at ¢ (n) from those at ¢ “"(n) (Fig. 5b). As the propagation
distance increases, more energy is transferred toward the locations at
¢'"(n) after the jth segment (Fig. 5¢). In the output plane (Fig. 5d), the
cross-coupling leads to the energy almost converging into the azi-
muthal locations at ¢"(n). The axial symmetry of the focused AV-
HP-VF is broken ultimately to form four deterministic filaments.
From Eq. 6, the cross-coupling acquires an additional phase, which
makes the phase difference between the horizontal and vertical com-
ponents to not always preserve /2, resulting in the SoP evolution in
contrast to AV-LP-VE. However, at two series of azimuthal locations,
¢"(n) and ¢“"(n), the SoPs have no change. The simulated evolution
of the azimuthal-variant hybrid SoPs, by the Stokes parameter S;
characterizing the ellipticity®, during the nonlinear propagation of
the AV-HP-VF with m = 1 and ¢ = 0 confirmed the above predic-
tion (Fig. 5e). As propagation distance increases, the local ellipticity
has a tendency to decrease (i.e, the local polarization ellipse will
become flatter). Except for at the special azimuthal locations of
¢"(n) and ¢“"(n), the SoPs have indeed no change, like the above
discussion from the cross-coupling model.

To understand the collapsing filaments, the azimuthal self-focus-
ing model is also very beneficial (Fig. 6). The self-focusing phenom-
enon originates from the spatially variant refractive index change. In
an isotropic Kerr medium under the same intensity, the induced
refractive index change depends on the SoP of optical field (An™
> An > An"), where An'™, An®", and An" are the refractive index
changes induced by the linearly, elliptically, and circularly polarized
light, respectively®. As a result, the refractive index change induced
by the AV-HP-VF is azimuthally variant, leading to the axial-sym-
metry breaking. The local linear and circular polarizations are
located at ¢""(n) and ¢“"(n) (where n = 0, 1, 2, 3) for the AV-HP-
VF with m = 1 and ¢y = 0 (Fig. 6a). Therefore, the induced four
azimuthal self-focusing lenses have their centers located at ¢"(n) and
their edges located at ¢“"(n) (Fig. 6b). The input field undergoes the
azimuthal multiple-nucleation self-focusing, making the energy con-
verge toward the four locations at ¢"(n) (Fig. 6¢). As the propagation
distance increases, the “focal lengths” of the induced azimuthal self-
focusing lenses become shorter (Fig. 6d), and then the energy con-
verges ultimately into the four deterministic filaments (Fig. 6e). In
particular, An™ is greater than 50% An“", which is the reason why
AV-HP-VF can suppress the random noise (the robust feature) dur-
ing the deterministic collapsing filamentation.

We have presented the theoretical prediction and conducted the
experimental evidence on the novel collapsing behaviors of AV-HP-
VF in the self-focusing Kerr medium. The azimuthally-variant
hybrid SoP structure is crucial in the axial symmetry breaking. The
collapsing filamentation has the controllable and robust features.

The m-charge AV-HP-VF produces 4m filaments with 4m-fold rota-
tion (Cy,,) symmetry. The number of multiple filaments is a function
solely of m, and their locations are determined by both m and ¢o. Our
results suggest that engineering the hybrid SoP structure can tame
the randomicity and then realize the designable collapsing filamen-
tation. This study only concentrated on the collapsing behavior; thus,
the higher-order nonlinearity, which is important in the postcollapse
process, has been neglected. Of course, we also simulated the mul-
tiple filamentation when the higher-order Kerr effect is considered,
the results indicate a novel feature that the relative phase difference
among the multiple filaments is stable and insensitivity to the input
fluctuations of the pulse energy, which is quite different from the
reported fact that the relative phase difference is instable and sens-
itivity to the small fluctuations of the pulse energy, i.e., loss of phase
of collapse®. Our idea may offer an alternative route to produce the
controllable and robust multiple filamentation in other nonlinear
systems, thereby facilitating the development of additional surpris-
ing applications. This work has the great significance that it not only
opens a new window for manipulating the optical field and facilitates
to push the related researches, but also has a certain reference value
for manipulating the different kinds of field.

Methods

Generation of femtosecond vector fields. We follow the same method as Ref. 30 for
creating the vector fields required in this study. The used light source is a Ti:sapphire
regenerative amplifier femtosecond laser system (Coherent Inc.), which provides a
fundamental Gaussian mode with a central wavelength of 800 nm, a pulse duration of
35 fs, and a repetition rate of 1 kHz. An achromatic 1/2 wave plate and a broadband
polarized beam splitter were used to control incident laser fluence on the sample
surface. Another achromatic 1/2 wave plate was used to change the polarization
direction of the incident femtosecond laser into the vector field generation unit, where
all the elements are achromatic to suppress pulse broadening as much as possible. The
created AV-HP-VFs and AV-HP-VFs have a “top-hat-like” spatial profile, excluding
a central singularity caused by the SoP uncertainty, with a radius of 1.5 mm, a pulse
energy of 6.0 pJ, and a pulse duration of ~65 fs.
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Based on the polarization-sensitive absorption of graphene under conditions of total internal reflection, a
novel optical sensor combining graphene and a microfluidic structure was constructed to achieve the
sensitive real-time monitoring of refractive indexes. The atomic thickness and strong broadband absorption
of graphene cause it to exhibit very different reflectivity for transverse electric and transverse magnetic
modes in the context of a total internal reflection structure, which is sensitive to the media in contact with
the graphene. A graphene refractive index sensor can quickly and sensitively monitor changes in the local
refractive index with a fast response time and broad dynamic range. These results indicate that graphene,
used in a simple and efficient total internal reflection structure and combined with microfluidic techniques,
is an ideal material for fabricating refractive index sensors and biosensor devices, which are in high demand.

nrecent years, graphene has emerged as a novel two-dimensional (2D) material in the field of materials science

due to its prominent intrinsic electronic, thermal, mechanical, structural and chemical properties'. Highly

sensitive biosensors and electrochemical sensors based on graphene field-effect transistors have been widely
developed for sensing gases>?, liquids** and biomolecules®®. Because graphene has a 2D structure, with each of its
atoms exposed, its electrical properties are very sensitive to changes in the charge environment induced by the
reaction or adsorption of analytes on its surface. However, a transistor-based graphene sensor requires the
measuring of current changes on the graphene surface; therefore, the temporal and spatial resolution is greatly
restricted relative to that of optical sensors. Due to its high carrier mobility and zero-bandgap characteristics,
graphene exhibits unique and desirable optical properties, such as broadband and tunable absorptions™'® and
strong polarization-dependent effects''"'*. Thus, new high-performance graphene-based optical sensors are
expected to be capable of characterizing surface structural changes and biomolecular interactions.

For optical sensors, measurements of refractive index changes are important for a variety of applications in
biosensing, drug discovery, environmental monitoring, and gas- and liquid-phase chemical sensing. Various
methods for obtaining these measurements have been developed'. At present, refractive-index-sensing tech-
nologies based on surface plasmon resonance (SPR) are widely used based on their ability to provide highly
sensitive label-free real-time data'®. The most common modulation approaches used in high-performance SPR
sensors are based on the spectroscopy of surface plasmons in wavelength or angular domains. However, when
measuring a range of wavelengths or angles, optical focusing limits the sensitivity, resolution, dynamic range and
other functionalities of a spectroscopy-based SPR instrument and produces notable deficiencies in the real-time
performance (>ms) of the sensor in question. An SPR sensor with amplitude modulation can produce fast, real-
time monitoring and imaging functions, but its performance is typically worse than that of spectroscopy-
based SPR sensors. Moreover, biomolecules adsorb poorly on gold, limiting the sensitivity of conventional
SPR biosensors.

In this study, we present a strategy for sensing changes in refractive indexes using graphene optical sensors; in
particular, this strategy is based on the different reflection behaviors of transverse-magnetic (TM) and transverse-
electric (TE) modes under total internal reflection conditions. The model used in this investigation consists of a
graphene layer sandwiched between a high-index medium (medium 1, refractive index 7,) and a low-index
medium (medium 2, refractive index n,) (Fig. 1a). As has been observed for the SPR sensor, the differences in
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Figure 1| The polarization-dependent features in graphene sandwiched structure. (a) A schematic illustration of graphene sandwiched between two
dielectric layers. (b) A plot of the intensities of the evanescent waves for the x and z components at p-polarization and the y component at s-polarization
with different incident angles. (c) A plot of the intensities of the evanescent waves for the x and zcomponents at p-polarization and the y component at s-
polarization with different refractive indexes ,. The incident angle is 75°. (d) The experimental results of reflectance for s- and p-polarized light with
different An=mn; —n, using a derivative total reflection method. (e) The theoretical results of reflectance for s- and p-polarized light with different Anbased
on Maxwell’s boundary conditions. (f) The experimental (circles) and theoretical (line) results of AR with different refractive indexes n,.

reflectance between the TE and TM modes are sensitive to variations
in the refractive index n, under fixed n, conditions. Therefore, using
a graphene sensing layer, a change of refractive index with broad
dynamic range can be measured under total internal reflection. The
polarization-dependent absorption effect of graphene allows us to
use the balanced detection scheme. The balanced detection solves the
problems of real-time detection, and improves the measurement
sensitivity. With intensity modulation, the graphene-based refractive
index sensor (GRIS) assessed in this study demonstrates a high sens-
itivity of 10® per refractive index units (RIU™"), a fast real-time res-
ponse of ~10 ps, and a large dynamic range with An>0.5, where
An=n,—n, is the difference in refractive indexes between medium 1
and medium 2. Because the detection limit depends only on the
signal-to-noise ratio, the detector sensitivity and the response time
of the detector, GRIS is expected to achieve high sensitivity and fast
response time easily. Furthermore, the various advantages of gra-
phene, such as its stability, low cost, rich functionality, easily con-
trolled thickness, and strong mechanical strength, make it a
promising candidate for refractive index sensing and indicate its
potential for wider applications, particularly in biological and chem-
ical sensing.

Results

Polarization-dependent reflection and absorption. Due to its
unique electronic structure, in which conical-shaped conduction
and valence bands meet at the Dirac point, a pristine monolayer of
graphene that has been scaled to an atomic thickness demonstrates
frequency-independent optical conductance and strong broadband
absorption per unit mass (mo=2.3%)'. Moreover, its unique
polarization- dependent effects'"'"> and use as fiber'> and planar
waveguide polarizers'* have been investigated. Given the unique
2D structure of graphene, its optical properties can be more fully
utilized when surface waves propagate through the graphene plane.
Under total internal reflection (TIR), a fraction of the incident energy

can penetrate through the interface of medium 1 and medium 2; this
energy fraction propagates along this interface and is known as the
evanescent field. Atz=0, the intensity components (Ioy, Iy, and Iy,) of
the evanescent fields induced by TE (s-polarized) and TM (p-
polarized) incident light are shown in Fig. 1b' with n,=1.61 and
n,=1.41. The intensities of the evanescent field for the s- and p-
polarized incident lights at z=0 are Ip,=Io, and Ip,=Iox+Io,.
When graphene is placed between two media, the relative propor-
tions of the intensity components that are parallel or orthogonal to
the graphene plane will result in different propagation behaviors for
s- and p-polarized light. Furthermore, the x, y, and z intensity
components are also dependent on the change of n, when n; is
fixed (Fig. lc). Thus, it is expected that the reflectance of the
structure shown in Fig. la will differ significantly for distinct
proportions of incident s- and p-polarized light.

Using a derivative total reflection method (Fig. S3), the reflectance
of the prism/graphene/substrate tri-layer structure can be obtained
for s- and p-polarized incident light (Fig. 1d). The refractive indexes
of the substrate can be changed by employing different solvents, such
as water (1.33174), alcohol (1.36169), butyl alcohol (1.39466), N,N-
dimethylformamide (1.47497), dimethylamine (1.43697), and chlo-
roform (1.44176). Fig. 1D presents the experimental results of the
reflectance for s- and p-polarized light with different values of
An=n,—n, using a derivative total reflection method (See Method
and Fig. $3). Four-layer graphene grown by chemical vapor depos-
ition (CVD) was transferred to the bottom of a prism. There are
many kinds of methods to define the number of graphene layers,
such as the transmittance, Raman spectroscopy'® and SPR*. In our
experiment,the number of graphene layers was defined by the trans-
mittance (Fig. S4) and Raman spectroscopy (Fig. S5). The absorbance
of graphene samples with different number of layers were shown in
Fig. S4. When the absorbance of graphene sample is about 9%, the
number of graphene layers is determined to be four by combining
with it Raman spectroscopy as shown in Fig. S5. And the optimized
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number of graphene layer for this sensor application is four in our
current studies. The changes in n, were achieved using different
liquid solvents. The reflectance R of the tri-layer structure for s-
polarized light is much smaller than the reflectance for p-polarized
light, which indicates that graphene has a greater absorption for s-
polarized light when transmission is prevented by TIR>".

The general theory regarding light diffraction by tri-layer struc-
tures (Fig. la) that consist of a loss layer (graphene) sandwiched
between two semi-infinite dielectrics (medium 1 and medium 2)
states that the manner in which the transition takes place is also
governed by Maxwell’s boundary conditions, which state that the
tangential components of the electric (E) and magnetic (H) fields
are continuous across boundaries. The intermediate graphene layer
has a complex optical constant with #=n+ik, where n is the real
refractive index of graphene and k is its extinction coefficient®~>°.
The thickness d is relative to the number of layers of graphene (e.g.,
d=0.34 nm for a single layer of graphene). Based on the boundary
conditions and Snell’s law, the reflectance of tri-layer structures can
be obtained for s- and p-polarized light (see Supplementary theory).
As shown in Fig. S2, the graphene layer stores more energy for TE
waves than for TM waves. Thus, in situations involving the total
reflectance of light, the reflectance of TE waves is less than that of
TM waves. The reflectances of s- and p-polarized light appear to vary
with the incident angle of the light and the refractive indexes of the
substrates. Thus, the reflectance differences observed in this experi-
ment are a function of both the incident angle and the refractive
indexes of the media that are used. The polarization-dependent
reflection experiments of single-layer and bi-layer graphene were
performed. The corresponding results were shown in Fig. S6. The
theoretical simulations based on Maxwell’s boundary condition are
in agreement with the experimental results, which supports our
theoretical model.

For a given incident angle (e.g., 75°), the difference (AR=
Rryv—Ryg) in reflectance between s- and p-polarized incident light
is strongly dependent on An (Fig. 1f). Figures le and 1f (solid line)
provide the theoretical results generated by Maxwell’s boundary
conditions (see Supplementary theory) with 7=2.6+1.6i and
d=1.36 nm (four layers). The observed value of k=1.6 is slightly
larger than the reported value of k=1.3%. One possible reason for
this discrepancy is that the graphene sample used in this analysis was
grown using CVD and therefore has a less even distribution than the
mechanically exfoliated graphene. When medium 1 and the gra-
phene layer are fixed, the change in the refractive index of medium
2 can be determined by measuring AR for a given incident angle.

Device design. We designed a simple, real-time refractive index
measuring system that used GRIS in combination with a micro-
fluidic system. The experimental setup is shown in Fig. 2a and uses
a 523 nm continuous wave laser as a light source. First, circularly
polarized light obtained by adjusting a Glan-Taylor polarizer and a
quarter-wave plate was focused on the GRIS at the center of its
microfluid channel. The inset of Fig. 2a shows the structure of the
GRIS, and the full diagram of the microfluid GRIS is provided in Fig.
S8. Second, a multi-layer graphene coating was transferred to a right-
angle prism using CVD and the cast microfluid channel was bonded
to the graphene layer to form a microfluid channel/graphene/prism
sandwich structure (see Fig. S7 for the detailed process). In this step,
the focused spot must be small enough to ensure that it can be fully
irradiated inside the microfluid channel. Third, the incident angle of
circularly polarized light was adjusted in accordance with the
refractive index of the fluid to be measured, allowing TIR to occur
as incident light passed through the microfluid channel. Fourth, the
reflected light was separated into s- and p-polarized light using a
polarization beam splitter (PBS) and then detected by a balanced
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Figure 2 | A sensitive, real-time microfluid refractive index measuring system. (a) A schematic illustration of the measuring system. The enlarged
diagram shows the sandwiched structure of the GRIS. PBS separated the circularly polarized light into s- and p-polarized lights. (b) A schematic
illustration of the GRIS. The light source can be a laser of any wavelength or even natural light. The absorption of s-polarized light is much greater than
that of p-polarized light when fluid is flowing. (c and d) The real-time voltage signal change of microfluid with and without graphene when injecting N, N-
dimethyl acetamide, deionized water, air, ethanol, air, a solution of 10% NaCl, air and water successively at a flow rate of 10 pL/s.
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detector. A balanced detector consisted of two well-matched
photodetectors was used to detect the difference between the
photocurrents in the two optical input signals®. Due to the
polarization-sensitive absorption of graphene under total internal
reflection, the intensity of the p-polarized light changed little
before and after microfluid injections, whereas the microfluid
injection greatly altered the measured intensity of the s-polarized
light, as shown in Fig. 2b and Fig. 1d. The signal from the balanced
detector is measured relative to the difference AR=Ryy;—Rpg in
reflectance between the s- and p-polarized incident lights. Thus,
the signal from the balanced detector can be used to monitor the
change in the refractive index of the fluid. After a calibration using
standard liquids known, the GRIS can be used for refractive index
measuring. Furthermore, before signal measurements, a substance
(generally air or water) should be chosen to calibrate the detector,
and the output voltage of the balanced detector should be adjusted to
0 V for this reference substance. During the measurement process,
the refractive index of the internal microfluid channel at each
moment corresponds to a particular voltage calculated by sub-
tracting the intensity of the s-polarized light from that of the p-
polarized light measured by the balanced detector. The voltage
varies with the microfluid’s refractive index; fluids with larger
refractive indexes produce higher calculated voltages.

Discussion

One of the prominent features of the GRIS is its broad measuring
range, as its signal depends on the value of An. To demonstrate this
advantage, an experiment was conducted at room temperature with
an incident angle of 83°; under these conditions, the refractive index
of the prism was 1.51. When the incident power before the GRIS was
0.202 mW, the power of the p-polarization in front of the balanced
detector was 10.33 pW. Subsequently, using air for calibration pur-
poses, we injected N,N-dimethyl acetamide, deionized water, air,
absolute ethyl alcohol, air, a solution of 10% NaCl, air and water in
turn at a flowing speed of 10 pL/s, generating a relationship curve
indicating the real-time voltage signal change of the microfluid, as
shown in Fig. 2c. The real-time refractive index range was easily
measured for refractive indexes ranging from 1 to 1.438. In fact,
the dynamic range of the GRIS depends on the refractive index of
the prism. If a prism with a refractive index of 1.71 is used, the
refractive index of chlorobenzene (1.57) can be easily measured.
The most commonly used method of measuring real-time refractive
indexes employs an SPR sensor based on the modulation of incident
angles. The dynamic range of SPR can readily be extended to be lower
or higher, using different prism materials having various dielectric
constants”’. However, the change of prism materials is not conveni-
ent in real-time monitoring. The dynamic range of SPR may be
restricted, when a fixed prism is used in refractive index measure-
ments*®. Therefore, the GRIS provides a reliable platform for mea-
suring the refractive index of more complicated micro-fluids with a
larger dynamic refractive index range. Figure 2d illustrates the results
for tests in which the PDMS micro-fluid channel was directly bonded
to the prism without a graphene sensor layer between them. Under
the same conditions detailed above for the GRIS, this control was
successively placed in the aforementioned fluids, producing a voltage
signal that was always close to 0 V for each different liquid input. The
lack of a distinctive pattern of alteration between the liquids demon-
strates that the novel properties of graphene play a key role in the
GRIS’s detection ability.

As a sensing layer, graphene offers good, stable real-time perform-
ance. Fig. 2c shows that the voltage signal changes quite predictably
and rapidly upon the inflow of each different fluid into the micro-
fluid channel. During the injection of the 10% NaCl solution, the
voltage signal exhibited a transitory decrease caused by air bubbles
in the solution®. Nevertheless, the evident advantages of using
graphene as a sensing layer are manifold. First, with its perfect 2d

structure, graphene possesses desirable mechanical properties and
chemical stability, which means that a graphene sensing layer is
difficult to damage. Second, the nanometer-order thickness of gra-
phene greatly increases the propagation distance of evanescent waves
in liquid, thereby producing a more accurate detection result. The
velocity distribution of the fluid in a micro-fluid channel is known to
be uneven because the fluid flows more slowly as it approaches the
sensing layer; thus, if the propagation distance (in the z direction) of
the evanescent waves in the fluid is short, the detected result would
be subject to larger time-delay errors, resulting in poor real-time
performance. For these reasons, graphene sensors provide longer
service life, better real-time performance and greater versatility in
fluid measurements.

The rapid response of the GRIS makes it possible to measure a
fluid using a faster flow rate and to quickly reflect the changes in
refractive indexes during a process of rapid fluid flow. In the experi-
ment, we simultaneously detect the two values by using a balanced
detector. The GRIS’s response speed is dependent on the response
time of the detector and data acquisition equipment. To illustrate
more accurate measurement using high collecting frequency,
we combined rapid peristalsis (300 pL/s) and data collection
(100 kHz). The data were initially collected at a frequency of
10 kHz with an interval of 100 ps. As shown in Fig. 3a, during
successive injections of air and deionized water at different flow rates,
the voltage changed by nearly 10 V is both nearly identical for dif-
ferent fluids and quite reproducible for different flow rates. At dif-
ferent flow rates, the voltage changed continuously at lower speeds
and quite discontinuously at higher speeds. In particular, speeds
approaching 300 pL/s led to a large voltage interval. These changes
indicate that the refractive index change of micro-fluids at higher
speeds cannot be measured with good integrity at the collecting
frequency of 10 kHz, which made it difficult for the sensor to con-
duct real-time measurements at high speeds. For this reason, we
changed the frequency of data collection to 100 kHz with an interval
of 10 ps and repeated the above experiments under the same condi-
tions. The experimental data generated after this modification indi-
cated that minor changes in the refractive index were clearly evident
atboth alow speed of 5 1L/s and a higher speed of 300 pL/s (Fig. 3b).
To better demonstrate the significance of a higher response speed in
real-time refractive index measurements, we compared the curves
obtained at the two different collecting frequencies at the speed of
300 pL/s (Fig. 3c). The comparison shows that the two curves are
almost identical; thus, this experiment exhibits high stability. Most
importantly, the refractive index change at an interval of 10 pis can be
better measured at the collecting frequency of 100 kHz, which pro-
duces a continuous curve. In contrast, the data points measured at a
frequency of 10 kHz are rather discontinuous and can only indicate
rough trends. Therefore, a higher response speed facilitates the more
accurate measurement of tiny changes in the refractive index; this
property is particularly important for measuring refractive indexes
during rapid-response processes, which are common in many bio-
logical and chemical interactions. In fact, the GRIS’s response speed
is theoretically dependent on the response time of the balanced
detector and data acquisition equipment; the equipment used in this
experiment can reach 10 ns and 340 kHz. However, the response
speed of a traditional refractive index sensor, including SPR refract-
ive index sensors, is generally on the order of milliseconds.

Moreover, the GRIS has high resolution and sensitivity. To experi-
mentally demonstrate this property, we generated a curve (see
Fig. 4a) representing the voltage changes associated with injecting
deionized water, a solution of 0.1% NaCl and a solution of 20% NaCl
successively in the microfluid channel by shining a 13.03 mW light at
the GRIS. Under the same conditions, the refractive indexes of deio-
nized water and 0.1% NaCl solution were determined to be 1.33091
and 1.33139, respectively (see Table S1), which differ by 0.00048. The
inset of Fig. 4A shows that the corresponding voltage difference
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Figure 3 | An evaluation of the response speed performance of the GRIS. (a and b) The real-time voltage curve at collection frequencies of 10 kHz and
100 kHz obtained by successively injecting air and deionized water at different flow rates. The flow rate ranges from 5 puL/s to 300 pL/s. (c) The purple
dots represent the real-time voltage curve at a collection frequency of 10 kHz and a flow rate of 300 pL/s. The light-green dots represent the real-time
voltage curve at a collection frequency of 100 kHz and a flow rate of 300 pL/s.

between the deionized water and the 0.1% NaCl solution is
~245 mV and the size of the voice signal is ~45 mV. Hence, the
resolution which can be measured in the experimentis 1 X 107* We
defined sensitivity for the refractive index to be a slope of the straight
line, dv/dn, where v is the voltage signal and # is the refractive index.
Because the relationship between the change in the refractive index
and the change in voltage is considered to be roughly linear within a

a

Voltage(V)

small range, the dv/dn obtained by the experiment was 5.1 X
10° mV/UIR. This result is comparable to the sensitivity of an SPR
refractive index sensor (10*-10°/UIR)***!,

In fact, both the resolution and sensitivity of the GRIS are strongly
correlated with the power of the incident light (Fig. 4b), and both of
them can be further improved. On one hand, under a given incident
power, the voltage signal in measurements is higher for thicker NaCl
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Figure 4 | The resolution performance and incident power dependence of the GRIS. (a) A curve representing the change in voltage after injecting
deionized water, a solution of 0.1% NaCl and a solution of 20% NaCl into the micro-fluid channel, respectively. The incident light power is 13.03 mW
before the prism. The inset shows that the corresponding voltage difference between deionized water and a solution of 0.1% NaCl is 245 mV and the size
of voice signal is ~45 mV. (b) The incident power before the prism is, from bottom to top, 0.2, 1.5, 2.8, 4.7, and 6.3 mW. The inset indicates the
correspondence between the incident power before the prism and incident power before the detector. Each point corresponds to a different concentration
of the sodium chloride solution: from left to right, 1, 2, 5, 10, 15, 20, and 25%. (¢) Using the p-polarized light power P, of deionized water as calibration, a
solution of 20% NaCl was injected into the GRIS to determine the changes in polarization status S; and P, for this solution under different incident
powers Py. (d) The power of s- and p-polarized light before the detector after injecting NaCl solutions with different concentrations into the microfluid

channel.
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solutions, which has a higher refractive index. How the voltage
changes with the refractive index of substrates can be theoretically
(solid lines in Fig. 4b) modeled well based on the boundary condi-
tions and Snell’s law (see Supplementary theory). Over a large range,
the change in the refractive index with voltage is nonlinear. if the
refractive index of the liquid is close to the that of prism, the voltage
signal from measurements is increased and the sensitivity should
increase too. On the other hand, as shown in Fig. 4b, if we use this
method to measurement the refractive index of two solutions with
different refractive index at identical incident power, the voltage
signal is different for them and the signal difference increase with
the incident power used.

Thus, enhancing the incident power could be a way of improving
resolution and sensitivity of the GRIS (as the red line and green line),
but the incident power should be lower than the damage thresholds
of the graphene and the detector. The maximum incident power
adopted in our experiment is 13.03 mW, which is much lower than
the damage threshold (>W) of graphene.

To verify the influence of incident powers on the sensitivity, we
measured the incident power before detector at different incident
power for s- and p- polarized light. In our measurements, we used
deionized water to calibrate the GRIS, then a 20% NaCl solution was
injected into the GRIS and the intensity change (see Fig. 4c) of s- and
p- polarized light under different incident powers applied to the
detector was measured. Then, we changed the incident power and
repeat the calibration and measurements. The results are shown in
Fig. 4c. In the figure, P, represents the calibrated power of deionized
water and P; and S; are defined as the powers of the p- and s-polar-
ization, respectively, upon the injection of a solution of 20% NaCl. As
shown in Fig. 4c, the injection of a 20% NaCl solution only slightly
changes the p-polarization power relative to the p-polarization power
calibrated using deionized water. The larger the calibrated power (50,
100, 150, 200, 250, 300, and 350 mW), the larger the difference is
between the powers of s- and p-polarization. Figure 4d illustrates the
changes in the status of s-polarization and p- polarization that are
obtained by injecting NaCl solutions of different concentrations into
the microfluidic channel when the incident power is fixed at
6.73 mW and deionized water is used to calibrate the GRIS. As
shown in Fig. 4d, the p-polarized light intensity changes only slightly
(remaining at approximately 0.34 mW) when NaCl solutions with
different concentrations was injected, whereas the s-polarized light
intensity changes from 0.34 mW to 0.28 mW, which is consistent
with the relationship observed between changes in the refractive
index and changes in the measured voltage values (Fig. 4b).

To evaluate the potential of the GRIS under real conditions, real-
time monitoring of the concentrations of glucose and NaCl solutions
was attempted and the performance of the sensor was analyzed. In
production processes, it is often necessary to conduct real-time mea-
surements of the concentration of a liquid, such as a solution of
glucose or NaCl. In this study, we illustrate the real-time measure-
ment curves for a NaCl solution and a glucose solution in Fig. 5a and
Fig. 5b, respectively. In these curves, the incident power is 6.73 mW,
the reference power is that of the p-polarization, 342 uW, and air is
used to calibrate the GRIS. NaCl or glucose solutions of different
concentrations are injected into the channel, proceeding from lower
to higher densities. The figure clearly shows that the voltage values of
NaCl and glucose solutions of different concentrations at any time
correspond to the refractive index (see Tabs. S1 and S2); thus, this
sensor can achieve a high response within a broad range and is able to
measure the change in the refractive index of a liquid in a simple
fashion.

We have demonstrated that graphene sandwiched between two
dielectric layers has a stronger absorption for s-polarized light than
for p-polarized light under TIR. These different absorption behaviors
for s- and p-polarized light make graphene suitable for use as an
optical detector of refractive indexes. The sensitive and real-time

monitoring of the refractive index was shown using a graphene-
based optical sensor that has a broad dynamic refractive index range
from 1.0 to 1.438, a fast response time of ~10 ps, a high sensitivity of
10° RIU}, and excellent stability; these qualities are all essential for a
versatile refractive index sensor. The flexibility and ease of functio-
nalization of graphene sheets could also enable radically different
refractive index sensors to be designed. For example, graphene could
be integrated with flexible substrates and plastic materials. Alterna-
tively, it could be used in novel geometries, e.g., as a flexible sensor.
The recent development of large-scale graphene synthesis and trans-
fer techniques™, as well as the structural modification of graphene by
chemical or biological molecules, ensures that graphene will become
the basis for powerful label-free monitoring methods for chemical or
biomolecular interactions.

Methods

Preparation for graphene/prism structure. As a mature method of producing
graphene devices, the transfer method of using thermal release tape can instantly etch
Ni layers and easily produce large scale graphene devices. The polymer supports
thermal release tape (TRT) was attached to the CVD-made, Ni-based graphene to
form a structure of TRT/graphene (G)/Ni/SiO,/Si. The multilayer structure was then
soaked in deionized water. For ultrasonic processing in a few minutes, the TRT/G/Ni
layers are detached from SiO,. Then, putting the TRT/G/Ni layers into an aqueous
iron (IIT) chloride (FeCl;) solution (1 M) to remove the nickel layers. After that,
process the prism surface with plasma oxygen cleaning for a few minutes, and then
cover the TRT/G layers on the prism surface and press them tightly to some extent.
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Figure 5 | The real-time measured voltage curves. (a) Different
concentrations of sodium chloride solutions. (b) Different concentrations
of glucose solutions.
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dielectric
layer

Then, put the TRT/G/Prism layers into a vacuum drying oven for heating till 100°C,
so as to detach graphene layers with TRT completely. At last, putting the G/Prism
layers into a acetone solution to wash off the residual glue, and then store it in the
vacuum line of the fume hood. Raman spectroscopy was carried out using
RENISHAW RM2000 Raman system equipped with a 514 nm laser source and 50X
objective lens (Fig. S5).

A derivative total reflection method. Light at wavelength of 632.8 nm from a He-Ne
laser is split into incident and reference beams by a beam splitter M. After passing
through a half-wave plate H and a polarizer P, the incident beam reached an
equilateral prism fixed on a rotation stage (M-038, PI). PD1 and PD2 are the two
detectors of a Dual-channel power meter (PM320E, Thorlabs). PD1 is used for
monitoring the instantaneous fluctuations of the laser energy. PD2 is used to measure
the final light reflected by the prism. D is an aperture diaphragm to block the
scattering light. The experiment setup was first calibrated by deionized water.
Reflectance curves as a function of incident angle were recorded. At 632.8 nm, the
refractive index of prism is 1.61656. The refractive index of substrate can be changed
by using different solvents of water (1.33174), alcohol (1.36169), butyl alcohol
(1.39466), N,N-Dimethylformamide (1.47497), dimethylamine (1.43697),
chloroform (1.44176).

Preparation for microfluid channel. Poly(dimethylsiloxane) (PDMS) has been
shown to be biocompatible and it is also chemically stable. So it is noble material for
fabrication of microfluid channel. Use computer-aided design (CAD) software
programs to design a pattern. The photoresist mask was etched with electron beam
lithography. Spin coat negative photoresist (SU-8) to the Si base at a speed of 1,100 r/
minin 50 sand thendry itat 110°C. Then, cover the photoresist mask on the negative
photoresist (SU-8)/Si layers and expose them to ultraviolet light and then
photographic develops to get the master. Use a balance to weigh 70 g of Sylgard 184
silicone elastomer base and 7 g of Sylgard 184 elastomer curing agentfully (10:1 ratio)
and mix them fully. Then, lay the liquid mixture into vacuum line of the fume hood to
trapped bubbles for one hour. After that, pour the liquid mixture on the master, place
the dish containing both the master and PDMS prepolymer in an oven set to 70°C and
cure it for 3 h. Then, with a plier peel the solidified PDMS microfluid channel off the
master.

Preparation for GRIS with microfluid chanel. Process the prior prepared G/Prism
structure and PDMS microfluid channel in a plasma oxygen cleaning with 150 W in
power for 30 s, then, irreversibly adhered G/Prism structure with PDMS microfluid
channel to get the GRIS with microfluid chanel.
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Abstract. We investigate the effect of tissue fluid on the measurement of complex refractive index (RI) of animal
tissue. A new model is proposed and verified through experimental results of simulation samples made of glycerol
and methyl-red-doped poly(methyl methacrylate). Coupled with polarized optical reflectance measurements
performed on several kinds of animal muscle tissues, Rls were resolved using the new model. We find that the
tissue fluid existing at the prism-sample interface is unavoidable. We also find that with a change of proportion
of the tissue fluid, the RI of muscle tissue can still be measured using the new model. © 2012 Society of Photo-Optical

Instrumentation Engineers (SPIE). [DOI: 10.1117/1JBO.17.7.075011]
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1 Introduction

The complex refractive index (RI) can be defined in terms of a
real part and an imaginary part as n = n, + ik, where xk means
the extinction coefficient. In the field of near-infrared tomogra-
phy, fluorescence diagnosis, laser surgery, and photodynamic
therapy (PDT), it is vital to know the precise value of RL!™
It has been proven that the RI value affects average diffuse inten-
sity solved by the radiative transfer equation and the calculation
of other optical parameters of biotissue, namely the absorption
coefficient p,, the scattering coefficient u , and the anisotropy
factor g.+¢

The total internal reflection (TIR) method is recommended to
have the highest precision for RI measurements of animal tissue
and has been investigated by different groups worldwide.” !
The excellent work of Ding et al. first introduced the dual-
parameter fitting method to obtain n, and x of skin tissue by
nonlinear fitting simultaneously.'> The modified version of
the TIR method, named the extended derivative total reflection
method (EDTRM),'? has recently been applied to the measure-
ment of biotissue and a series of tissue-mimicking phantoms.
Using EDTRM, n, is directly determined by the derivative of
the reflectance curve and « is obtained from nonlinear fitting.

In the former research, RI is usually treated as the ‘average
value’ of tissue fluid and muscle tissue. Bolin et al. resorted to
homogenization by a blender and believed that the liquid
expressed from homogenate has a similar RI with the overall
tissue.” Most of the other researchers applied pressures on
the tissue sample to eliminate the air gap and tissue fluid
between the prism and the tissue,”'* while neglecting the
role of tissue fluid. Actually, a close relationship between the
increase of tissue fluid and the reduction of the local chromo-
phore concentration as well as the scattering coefficient has been
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proven by a prior study.'* Is there any method to obtain more
accurate RI of muscle tissue in the presence of tissue fluid.

In this paper, we discover that the existence of the tissue fluid
at the prism-sample interface is unavoidable in the measurement
and has an important effect on the determination of RI of animal
muscle tissue. The contacting area of the tissue sample consists
of tissue fluid and muscle tissue. A new model based on
EDTRM is proposed to explain the significant information
revealed by the measured results. In order to verify the new
model, a simulation sample made of glycerol and methyl-red-
doped poly(methyl methacrylate) (MR-PMMA) is measured.
Then we applied the new model for the measurement of
fresh porcine, chicken breast, and ovine muscle tissues. During
the laborious preparation and measurement of tissue samples,
we find that a compromised pressure that is between eliminating
partial tissue fluid and avoiding damage to the intrinsic proper-
ties of the tissue sample is needed in sample preparation. We
also find that with a change of the proportion parameter of
the tissue fluid, the RI of muscle tissue can still be measured
using the new model.

2 Material and Method

The experimental setup for reflectance measuring is schemati-
cally shown in Fig. 1, which is similar to that of Ref. 13. A
He-Ne laser (632.8 nm) is used. M is a beam splitter. H is a
half-wave plate. P is the polarizer. PD1 and PD2 are the two
detectors of a dual-channel power meter (PM320E, Thorlabs,
New Jersey). The aperture size of the photodiode sensor
(S130C, Thorlabs, New Jersey) is 9.5 mm, so we used an aper-
ture diaphragm D with diameter of about 5 mm to eliminate the
scattering light and parasitic light. An equilateral triangular
prism is fixed on a rotation stage (M-038, Physik Instrumente,
Karlsruhe, Germany).

According to the schematic diagram in Fig. 1, n, can be
solved by
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sample n

Fig. 1 Schematic diagram of the experimental setup for reflectance
measuring.

n, = ny sin[f + asin(sina,. /n; )], (1)

where a, is the critical incident angle when TIR occurs at the
prism-sample interface. According to the Fresnel formula,' the
reflectance at the prism-sample interface for a transverse electric
(TE) wave R;, can be expressed as

(nycos@ — uy)* + v3
(nycos@+ uy)* + v3’

R, = 2

2_ 2 2y _ 2002
2u3 = n(1 — k*) — nisin®@

+ \/[n%(l — %) — n3sin?0)% + 4nii, 3)
and

203 = —[n%(1 — ¥*) — n?sin0

+ \/[n%(l — k%) — n3sin?0)* + 4ni?, 4)
where parameters v, and u, are the intermediate variables. The
reflectance at the air-prism interface R, ; can be expressed as

cosa — n; cos[asin(sin a/n,; )] ) 2
Ry3 = — ) 3)
cosa + nj cos[asin(sin a/n; )]

When emergent light leaves the prism and enters into air, the
reflection loss is approximately equal to the loss at the incident
air-prism interface. The final measured reflectance R, detected
by PD2 should include the loss between the two interfaces
mentioned above, which is

Ry =Ry, (1-Ry3)*. ©6)

By measuring the reflectance curves of the sample, a, is
obtained at the angular position of the derivative maximum
of reflectance curve.!® n, is calculated by Eq. (1). There are
similar equations for a transverse magnetic (TM) wave.

Using Eq. (6), we found a large distortion between experi-
mental data of animal tissues and theoretical fitting. Taking into
account of the tissue fluid, Eq. (6) is modified by a new model as

R{ = bR + biRg, (N
where R, and R, are the reflectance from tissue fluid and

muscle tissue surface, respectively; b; and b, are the proportion
parameters of the tissue fluid and the muscle tissue at the
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illuminated areas, b; + b, = 1. n, of the muscle tissue is deter-
mined by the second angular position of the derivative maxi-
mum of the reflectance curve. Using Eq. (7) and a nonlinear
fitting program based on the Nelder-Mead simplex algorithm,
k, by, and b, can be resolved by minimizing the sum

N
S(N) = (Ryi =R}, ®)

i=1

where R,,; is the i’th measured reflectance. R, is the i’th
calculated reflectance obtained by Eq. (7).
The reliability of fitting are described by E2, defined as

25\]:1 (Rm,i B R;r,i)z
S (Ryi =R

where R is the mean value of the measured reflectance over N
values of incident angle. The value of E? ranges from 0 to 1 and
it’s closer to 1 when we obtain a reliable fitting.

According to the normal sample preparation procedure of
animal tissue for RI measurement, fresh porcine tissue was fro-
zen for 30 min first and then sliced to a thin section of about
5 mm thickness. After 15 min, the surface of tissue was cleaned
with alcohol to reduce the influence of condensation. The sam-
ple was pressed on the surface of the prism to make sure no air
gap exists and some tissue fluid exudates at the interface. Fresh
chicken breast and ovine muscle tissue were prepared the same
way as the porcine sample. Each sample was continuously mea-
sured five times to calculate the standard deviation. In order to
get the RI of pure tissue fluid, we picked up some tissue fluid by
pressing heavily on the fresh porcine tissue and measured it.

Since the proportions of tissue fluid and muscle tissue at
the prism-sample interface are variable for different types of
tissues and conditions, we made a simulation sample to simulate
the reflection of tissue and verify the new model. The simulation
sample is made of two materials with known n, and «x: the
glycerol (1.4709 + 0.0000147) and MR-PMMA (1.5205+
0.00057i). The choice of these two materials is according to
the difference between their RIs, which is close to the difference
between the tissue fluid and the muscle tissue. The front and
right side views of the cross section of the simulation sample
are schematically shown in Fig. 2(a) and 2(b). For the simulation
sample fabrication, methyl-red and PMMA (with a weight ratio
of about 3%) were first dissolved in cyclohexanone separately
and then mixed together. After stirring for 30 min, the mixture
was poured carefully on the one surface of the prism. After 24 h

E?2=1-

(€))

glycerol
illumination spot
glycerol
¢ black
, plastic MR-PMMA

prism plate

black plastic
(@ mmas (0) P

Fig. 2 Schematic of the cross section of the simulation sample. (a) Front
view. (b) Right-side view.
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for the volatilization of cyclohexanone and the hardening of the
mixture, deposited thick MR-PMMA film was obtained with a
thickness of about 5 mm. Then a small groove made of a black
plastic plate is fixed on the prism. Glycerol was added into the
groove. The interface of the glycerol and MR-PMMA is almost
parallel to the horizontal plane. As seen in Fig. 2(b), the illumi-
nated area inside a circle of radius about 3 mm was divided into
two parts by the interface, while the upper white area is the
glycerol and the lower shadow area is the MR-PMMA. The
proportions of glycerol in the illuminated area can be adjusted
by moving the prism vertically. Here, the subscript ‘1’ and 2’ in
Eq. (7) denote the glycerol and the MR-PMMA, respectively. n,
and k of the MR-PMMA, and b, and b, can be resolved using
the method depicted above.

3 Results and Discussion

Measurements for three proportions of glycerol in the illumi-
nated area were taken, with b; equal to 38.83%, 14.39%,
and 10.48%, respectively. Figure 3 shows the measured reflec-
tance data, fitting curves, and the derivative of reflectance curves
for the simulation samples. The calculated n, of glycerol is
about 1.4698 and has a shift of 0.0011 compared with the pure
glycerol sample. n, of MR-PMMA are 1.5205, 1.5217, and
1.5218, respectively, which have shifts of less than 0.002. x
of MR-PMMA are 0.00030, 0.00040, and 0.00032, respectively.
The values of E? are larger than 0.9920. The results have proved
the reliability of the new model described by Eq. (7). In Fig. 4,
it’s distinct that the amplitude of the first peak increases with the
proportion of glycerol b, while the positions of two derivative
maxima are not sensitive to b;. The result implies that the
proportion of glycerol has no impact on the measured RI of
glycerol and MR-PMMA.

I * Measuved‘dala:38.83% glyc‘:eml I »
Fitting curve:38.83% glycerol
0.8 O Measured data:14.39% glycerol 7
[} — = ~Fitting curve:14.39% glycerol
g 06l +  Measured data:10.48% glycerol i
E N — — —Fitting curve:10.48% glycerol
3
< 04r q
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0.2f ng?.?:?— ]
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64 66 68 70 72
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Fig. 3 (a) Measured reflectance data and fitting curves of the simulation
sample with three different proportions of glycerol (TE wave). (b) The
derivative of the reflectance curves.
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Fig. 4 Measured reflectance curve of porcine tissue and the derivative
of the reflectance curve (TM wave).

We compared the values of n, and k¥ of MR-PMMA
determined using the new model, the dual-parameter fitting
method,'? and EDTRM." Results are listed in Table 1. Clearly
we can see that using EDTRM, only the right n, can be obtained
and k is much smaller compared with the real values. The dual-
parameter fitting method achieves a better fitting than EDTRM
while both n, and « have a large shift from the real value, for
example, the shift of 7, is about 0.05 when b, equals to 38.83%.
by has an obvious impact on the misleading results and a smaller
by will lead to a much smaller error. Results have indicated that
when the sample has two components, a new model is required
to achieve accurate RI of each component. Glycerol in the liquid
state has close contact with the MR-PMMA. There is no air gap
between the two materials, so the effect of diffraction is subtle
and was not observed in the experiment. Though the interface in
the illumination spot has variable proportion, it is almost an
ideal line and parallel to the horizontal plane, which occupies a
rather small part and the effect of the interface can be neglected.

Measured reflectance and the derivative of the reflectance
curves for porcine chicken breast and ovine muscle tissues are
shown in Figs. 4 and 5. In Fig. 4, b, equals 31.29%. We found
that double peaks appear on the derivative curves. From the first
peak position of the derivative curve, the calculated n, is 1.3565,
which is similar to the measured value of pure tissue fluid
(n, = 1.3552). The result has proved that the first smaller
‘hump’ on the reflectance curve should originate from the tissue
fluid. From the second peak, the calculated n, of 1.3861 is simi-
lar to the reported values of porcine tissue.”'>'® Significant
information is revealed that the contacting area of the sample
consists of the tissue fluid and muscle tissue.

In Fig. 5, the proportion parameters of tissue fluid b, equals
20.79% for chicken breast and 12.17% for ovine tissue. The n,
of chicken breast tissue is about 1.3907, which is almost equal to
the result of 1.399 measured using low-coherence interferome-
try.17 For ovine tissue, n, = 1.3958, which is similar to the
reported results of 1.402 and 1.389 (Refs. 12 and 16, respec-
tively). The standard deviation of n, is smaller than 0.001 for
tissue samples. Fitting reflectance curves of ovine tissue
obtained using EDTRM, dual-parameter fitting, and the new
model are shown in Fig. 6. Comparisons of the three methods
are listed in Table 2. The new model reveals a more superior
fitting than the other two methods. Take ovine muscle tissue,
for example. Similar to the analysis of the simulation sample,
both the dual-parameter fitting method and EDTRM have
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Table 1 Comparison of n, and k of MR-PMMA using three methods (TE wave).

New model Dual-parameter fitting EDTRM
b, n, k E? n k E? n, k E2
38.83% 1.5205 0.00030 0.9929 1.4785 0.00915 0.8309 1.5205 0.00015 0.2889
14.39% 1.5217 0.00040 0.9960 1.5210 0.00057 0.9346 1.5217 0.00029 0.9269
10.48% 1.5218 0.00032 0.9983 1.5214 0.00042 0.9694 1.5218 0.00024 0.9644

caused errors to 1, and k. E2 is 0.9905 for dual-parameter fitting
method and 0.9680 for EDTRM, which was usually thought to
get a satisfactory fitting. The new model obtains the best fitting
with E£2? larger than 0.9960. The subtle hump on the measured
reflectance curve was enlarged in the inset of Fig. 6.
Actually, the similar small ‘hump’ was also recorded by
Fig. 2 of Ref. 10 and Fig. 7 of Ref. 12 in the RI measurement
of porcine kidney and epidermis, but it was not discussed. As
seen in Fig. 2, the incident light at the surface of the sample has a
beam diameter of about 3 mm. There is a random distribution of
tissue fluid and muscle tissue at the prism-tissue interface. Either
the fluid or the muscle tissue part can be simplified as homo-
genous and shows an average RI value. The first peak on the
derivative curves of Figs. 4 and 5(a) originates from the reflec-
tance of the tissue fluid, while the real n, of the muscle tissue
should be calculated from the second peak. The measured
reflectance curve is the summation of the reflectance from
the two kinds of contacting areas. It was commonly believed
that the main differences among published results should be
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Fig. 5 (a) Measured reflectance data and fitting curves of chicken breast
and ovine tissue (TM wave). (b) The derivative of the reflectance curves.
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ascribed to sample-to-sample variance and sample preparation
conditions, so the existence of tissue fluid didn’t receive much
attention. A strong positive relationship was shown between the
value of b; and the difference using the three methods. For
porcine and chicken breast tissues, the values of EZ vary a
lot using the three methods because a larger amount of tissue
fluid exists. For ovine tissue, the difference is much smaller
with b equal to 12.17%.

The knowledge of the optical properties of biological tissue
is of fundamental importance for RI measurement. Tissue fluid
usually consists of extracellular fluid (n, ~ 1.335) and intracel-
lular fluid (n, ~ 1.354).'% In our experiment, most of the
capillaries of the tissue samples run predominantly parallel
with the muscle fibers. The main component of the tissue
fluid should be the intracellular fluid, because the incisions
were made perpendicular to the long axis of muscle fibers.
From the optical point of view at the cells, structures with
different RIs in the surroundings and in the interior of the
cells contribute to the average RI of tissue. The aqueous solution
of salts and proteins consisted in the cells lead to a mean RI of
approximately 1.38. In membrane structures, there are about 5%
of lipids having a higher RI of about 1.48." The measured n, of
tissue fluid or muscle tissue should be the average RI in the
illumination spot. According to the electromagnetic theory,
when TIR occurs, the energy of the incident light decays rapidly
and some light penetrates into the less dense medium over
relatively short distances. The penetration depth is usually on
the order of wavelength or smaller.?’ If large amounts of tissue
fluid or water exists and forms a thin layer between the prism
and the muscle tissue, the RI of muscle tissue cannot be

+  Measured data
08| ———EDTRM
— - —-Dual-parameter fitting
0.7 || —— The new model

Reflectance

Incident angle(degree)

Fig. 6 Measured reflectance data and fitting curves of ovine tissue using
EDTRM, dual-parameter fitting, and the new model (TM wave). An
enlargement of the rectangular area on the reflectance curves is shown
in the inset.
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Table 2 RIs of porcine, chicken breast, and ovine tissue (TM wave).

New model Dual-parameter fitting EDTRM
Sample n, k E? n, k E? n, k E?
Porcine 1.3861 0.0022 0.9961 1.3770 0.0041 0.9522 1.3861 0.0014 0.6808
Chicken 1.3907 0.0022 0.9960 1.3840 0.0035 0.9829 1.3907 0.0015 0.9421
Ovine 1.3958 0.0057 0.9985 1.3898 0.0067 0.9905 1.3958 0.0045 0.9680

measured because the total reflection will only occur at the fluid-
prism surface. The RI value depends much on the conditions of
sample preparation and storage; fresh or frozen tissue samples
are needed. For frozen samples, the water brought by surface
condensation should be removed by surface cleaning.

Pressure is often added on the surface of the sample for
the measurement. In the former research, damage to the samples
and the significant change of n, values were observed when the
pressure was higher than 0.4 Mpa,'? so high pressure is forbid-
den. Similar to the tissue-machine interface concerns brought up
by Chaiken et al. in their in vivo apparatus setup,’’ pressure
registration on the surface of these in vitro tissues is of essential
importance in this study. They provided an appropriate appara-
tus for applying and maintaining pressure on the tissue surface
and discussed the effects of pressure in detail. The applied
pressure needs to be maintained in a reasonable range that
should avoid a discernible change of the intrinsic properties
of the tissue, while also guaranteeing no air gap exists at the
sample-prism interface.

Cancer progression obviously alters the tissue organization,
as exhibited by consistently higher RI variance in tumors versus
normal regions.?> For other types of tissue, the composition
of protein, lipid, and polysaccharide may lead to RI change.
Studies have shown that membrane RI values can be estimated
from composition studies.?® Further studies of RI are needed for
more types of tissues carried with pathological indication and
composition information, which may enable more accurate
diagnosis and earlier disease detection.

4 Conclusion

In conclusion, we proposed a new model based on EDTRM for
accurately extracting the RI of animal tissue samples. In the
simulation sample study, the theoretical results calculated by
the new model show good agreement with the measured reflec-
tance data. This work also aims to emphasize the unavoidable
influence of tissue fluid on the RI measurement of animal tissue.
At the prism-tissue interface, part of the contacting area is filled
with tissue fluid and part is muscle tissue. Misleading results
calculated using the dual-parameter fitting method and
EDTRM can be attributable to neglecting the tissue fluid.
The amount of tissue fluid leads to the amplitude change of
the first peak of the derivative curve and the RI of animal tissue
can still be measured. The new model also provides a means
for novel biological sensing in the biomedical field and
identification of the constituents of mixture in the industry.
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