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SUMMARY

I. Title
Research on the Optical Measurement and Instrumentation of Temporal
and OSpatial High Resolution Nonlinear Near-field Scanning Optical

Microscopy of Large Areas

II. Objectives
Development of Temporal and Spatial High Resolution Nonlinear
Near—field Scanning Optical Microscope
* Development of nonlinear measurement techniques in 10ps/100nm
regime. -
* Obtaining proprietary technology associated in nonlinear optics with

spacial resolution of 100nm, and temporal resolution of 10ps

II. Contents and Scope
10ps/100nm temporal and spatial high resolution nonlinear optical
characteristic measurement technology development
* Novel design and development of single probe slide and Array
(6X5) Slide (£100nm)
* Analysis of 100nm probe array slide characteristics
(SEM & NSOM)
*+ Single probe slide / tapered optical fiber probe interconnection
+ Construction of temporal and spatial high resolution nonlinear optical
characteristic measurement system (10ps, 100nm)
* Measurement and analysis of nonlinear optical characteristics of

nano-composite structures



IV. Results

1. Fabrication of Nano Probe Slide
« Novel development and fabrication of a Nano-probe Slide consisting
of a aperture of dimensions much smaller than the wavelength
(100nm) and a sample slide of thickness 30nm SisNy using standard

Si manufacturing procedures
- Optical detection made possible without using previously developed
distance regulation methods for near-field scanning optical

MICroScopy

2. 10ps/100nm Temporal and Spatial High Resolution Nonlinear Optical
Characteristic Measurement System

+ Combination of IO‘ps temporal resolution single photon counting

equipment onto 100nm spatial resolution near-field optical

microscope

3. Single Probe Slide/Tapered Optical Fiber Probe Interconnection
 Interconnection in a 200~300nm 2 dimensional region of a tapered

optical fiber probe and a nano probe slide in the near-field

4. FDTD Simulations and Experimental Measurements of Self-focusing
Effects

 Development of FDTD simulation techniques to study self-focusing

effects and multiple filamentation in AsS thinfilms depending on

sample thickness and beam intensity

5. Metal-Semiconductor Composite Nano-particle Fabrication
« Successful fabrication of metal-semiconductor composite nano-

structures through collaboration with CNRS laboratory in France



6. Development of Near-field Scanning Optical Interferometer

* Measurement of high resolution optical phase information using the
interference of light reflected from the fiber facet of a near-field
optical microscope and that reflected from the sample surface.
Images containing complex internal information can be obtained
through this method  which cannot be seen in the topographic

image.

V. Future Research Plans

1.

Systemization and optimization of the temporal and spatial high
resolution nonlinear optical measurement system developed in the 1st

stage of research development

Development of nonlinear optical measurement techniques of 30nm
spatial resolution , 100fs temporal resolution, and ImmXIlmm large

area

Expansion of high resolution optical phase information measurement
techniques and near—field wavefront measurement techniques into

fields of nonlinear optical measurement
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- failure analysis of microchips & optical properties of

optoelectronic devices
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- fluorescence imaging
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- poralization contrast in liquid crystal
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- characterizing optoelectronic devices
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Optical parametric spectral broadening of picosecond laser pulses

in B-barium borate
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We present that optical parametric luminescence generated near the degenerate point of a type 1
optical parametric tuning curve in B-BaB, O, can be used as a spectrally broadened probe beam for
a picosecond pump-probe spectroscopy. In particular, we show that it is possible to change the
position of the central peak and spectral range in visible and infrared wavelengths by varying the
incident angle of pump pulse with respect to the optical axis of barium borate crystal. The
picosecond time-resolved diffuse-reflectance experiment is also performed in order to demonstrate
usefulness of these spectrally broadened pulses as a probe source. © 2003 American Institute of

Physies. [DOIL: 10.1063/1.1609054]

Pump-probe spectroscopic techniques have been recog-
nized as an important tool to study ultrafast processes in
biological systems and excited states of molecules, exciton
dynamics in semiconductors, photoinduced dissociation pro-
cesses of atomic systems in gas phase, etc.'™ In the pump-
probe spectroscopy, in general, an intense pump beam is
used to excite the materials and a spectrally broadened weak
probe beam is employed to trace the absorption {or transmis-
sion) changes caused by the pump beam. When the changes
in absorption spectra with and without pump beam are ob-
tained at wide wavelength range, one can extract the valuable
mnformation on linear and nonlinear dynamics of the system.
Therefore, much attention has been paid to produce spec-
trally broadened, easily tunable, and reduced-complexity
probe beams.

For the femtosecond pump-probe spectroscopy, white-
light continuum is widely used as a probe beam. The white
light continuum ranging from ultraviolet to near infrared can
be easily produced by focusing a powerful ultrashort laser

pulses into a transparent medium, such as glasses, alkali ha-

lides, transparent crystals, and even gases‘s'13 Folk et al. ob-
tained white-light continua ranging from 0.19 to 1.6 um by
illuminating focused femtosecond dye laser pulses into a thin
jet of ethylene glycol." Corkum er al. were the first to report
the continuum generation from high-pressure gases.”” More
recently, Nishioka ef al. and Kasparian ef al. extended the
spectral range of the white-light continuum into the vacuum
ultraviolet and midinfrared regions by using terrawatt Ti:sap-
phire laser pulses, respectively.’%!” However, in the con-
densed media, the structural damage is usually accompanied
mainly due to self-focusing and in contrast damage in liquids
1s self-healing.

For the picosecond regime, water has been regarded as
an ideal source for generating the broadband probe
pulses. 1819 1t has been reported that the four-wave parametric
interaction and the stimulated Raman effects in water are the
dominant mechanisms for spectral superbroadening. It has
been observed that the self-broadening in D, QO is more pro-

0003-6951/2003/83(9)/1722/3/$20.00

nounced than in H,O. However, there is a fundamental limit
to utilize D,0O as a source to obtain the probe beam because
of the high-intensity spikes existed in the superbroadening
and the required long interaction length, which make the
spectroscopic system quite bulky and complicated. Up to
now there is no efficient, compact, and convenient way to
obtain spectrally broadened probe beam for the pump-probe
spectroscopy in picosecond time domain.

In this letter, we present a method of generating broad-
band probe beam from a barium borate (BBO) crystal with
picosecond Nd:yttritium—aluminum-gamet (YAG) laser
pulses. We show that picosecond broadband probe pulses can
be produced efficiently in visible and infrared wavelengths
by varying incident angle of exciting laser pulses on BBO
crystal near operating angle of optical parametric generation
with relatively low intensities. A strong dependence of the
broadband spectral distribution on incident angle to the BBO
crystal is also observed. Furthermore, it is found that the
intensity of the obtained broadband probe can be almost two
orders of magnitude larger than that of supercontinuum gen-
eration in D,O. Producing the broadband light source in pi-
cosecond domain is based on the fact that the angular depen-
dence of frequency bandwidth is large near the degenerate
point of optical parametric tuning curve.

Our technique to produce a broadband probe beam is
schematically described in Fig. 1. The third and fourth har-
monics (355 and 266 nm) of a mode-locked Nd:YAG laser
were used to pump S-BBO crystal to make picosecond pulse
trains of broadband optical parametric luminescence (OPL)

PO

880
Monochromatorf OMA
Sample
f=50cm t=10om {=16cm
FIG. 1. Experimental setup.
1722 © 2003 American Institute of Physics
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FIG. 2. (a) Spatial pattern of OPL, (b) spectram of OPL for 355 nm pump,
and (¢} spectrum of OPL for 266 nm pump.

with the type | phase maiching, resulting in extraordinary
polarization of pump beam. The pulse duration and repetition
rate of the mode-locked Nd:YAG laser were ~40 ps and 10
Hz, respectively. The pump beam of 2.5 mm radius at 355
nm was focused onto the crystal with a convex quartz lens of
focal length 50 cm. The focal spot was located at the en-
trance surface of 8-BBO in order to utilize the divergence of
the pump beam. The size of B-BBO cut at ¢=0° and
6=228° (internal amgle of crystal) is Smm (H)
X5 mm (W)X 10 mm (L). As a result of optical parametric
generation, bright multicolored parametric luminescence of
nearly circular shape was observed at a screen ~ 5 cm away
from the exit surface of 8-BBO. The color and radius of the
ring were strongly dependent upon the angle between the
propagation direction and the direction normal to the ep-
trance surface of 3-BBO. The total integrated epergy of mul-
ticolored OPL was measured to be ~200 xJ with a pump
pulse energy of ~2 mJ, which is almost two orders of mag-
nitude higher than that from a superbroadened picosecond
pulses in a 50:50 mixture of H,0 and D,0 pumped by a
focused Nd:YAG laser beam with energy of 7 mJ, which is
close to the damage threshold of quartz cell.

A typical colored ring obtained with #=35° is shown in
Fig. 2(a). This colored ring was collimated by using a lens of
focal length 10 cm, focused by a convex lens of focal length
15 cm, and reduced to a focal spot of ~0.5 mm in diameter,
as is depicted in Fig. 1. A beam splitter (quartz plate) was
placed between the focusing lens and the focal spot. One part
of the splitting beams was used as a reference in order to
normalize the intensity fluctuation of OPL. The reference
and transmitted beams were picked up by an optical fiber and
measured using a spectrometer equipped with an optical
multichannel analyzer. Figure 2(b) shows an OPL spectrum
without sample obtained by taking an average of 30 spectra
under the condition of §=35°. The wavelength of central
peak is located at the degenerate point of the tuning curve of
type | phase-matched $-BBO optical parametric generation,
as expected. If we divided one spectrum by the other without
the sample, we could obtain the straight line within an accu-

racy of 0.5% in the sgectral ra.ng;: between 600 and 780 nm,
Downloaded 27 Dec 2004 to 185,13
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FIG. 3. Intensity fluctuation of normalized optical parametric luminescence.

as displayed in Fig. 3. When we made the broadband OPL by
pumping BBO crystal cut at §=44.7° and ¢=0° with the
second harmonics of 532 nm radiation from the picosecond
mode-locked laser, the similar multicolored ring with spec-
tral peak located at 532 nm. However, we observed quite
different spectral shape, as shown in Fig. 2(c), indicating
clearly that the spectral range between 460 and 600 nm could
be used as a broadband probe with an accuracy of 0.7%. The
single pulse energy of 266 nm pump was ~1 mJ. If longer
than 14 mm BBO crystal and 266 nm pump with higher
energy is used, the limit of spectral bandwidth can be ex-
tended to shorter than 400 nm.

In order to demonstrate the potentialities of these spec-
trally broadened pulses as a probe beam, we performed a
picosecond time-resolved diffuse-reflectance measurement
for the anthracene-methylviologen charge-transfer (AMCT)
complex encapsulated within zeolite-Y by using OPL
pumped at 355 nm.?>*! Both the second- and third-harmonic
light pulses were extracted from a mode-locked Nd: YAG la-
ser. The beam size of second-harmonic (532 nm) and third-
harmonic (355 nm) wave were ~6 and ~35 mm in diameter,
respectively. The second-harmonic beam with single pulse
energy of ~4 ml] traversed a variable (up to 4 ns) delay stage
before being directed onto the sample cuvette, which con-
tained powder of AMCT complex to excite the charge-
transfer complexes. The third-harmonic beam with energy of
~2 m] was focused onto BBO to produce broadband probe
pulses, whose spectra were displayed in Fig. 2(b). The broad-
band probe beam was focused down to the size of 0.5 mm in
order to make the good spatial overlap between pump and
probe beams. The intensity distribution of the focused probe
beam near focal point is expected to be almost uniform be-
cause of its incoherency, unlike the far-field ring-like OPL
output. The temporal overlap between the pump and probe
beams was carcfully checked by measuring the intensity of
sum-frequency wave as a function of the temporal delay. The
sum-frequency generation was achieved by using the vector
phase matching, directing the pump and probe beam with the
internal angle of 47.2° and 37.0° to the optical axis of BBO
crystal, respectively. The sum-frequency wave of the central
wavelength at 304 nm was emerging at the internal angle of
41.7° with respect to the optical axis after nonlinear interac-
tion in BBO. The intensity of sum-frequency wave was
strong enough to detect even with photodiode after filtering

2.30.186, Redistribution subject to AIP license or copyright. see hitp:/fapl.aip.otg/aplcopyright.isp
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FIG. 4. Measured changes of absorption spectra with various temporal de-
lays of 70, 210, and 630 ps.

302 nm with 25 cm monochromator. For the diffuse-
reflectance measurements, an appropriate cutoff filter was
positioned in front of a fiber optics to eliminate scattered
light from the excited pulse of 532 nm.

The measured changes of absorption spectra (A4) with
the various temporal delay (70, 210, and 630 ps) were shown
in Fig. 4. It is known that two maxima around 620 and 730
nm in Fig. 4 are originated from the absorption due to re-
duced methylviologen (MV+) and oxidized anthracene
{Ant+).?2 Note that each time-resolved transient diffuse-
reflection spectrum was obtained from an average of 30 laser
pulses, indicating a very good signal to noise ratio. These
results are identical to the previously reported spectra, in
which a 50:50 mixture of D,0O and H, O was used to produce
spectral superbroadening and over 100 spectra were
averaged.??

In conclusion, we have found that the broadband OPL
generated from the solid-state S~BBO is very efficient, com-
pact, and convenient way to produce a spectrally flat and
extremely stable probe beam, compared with the super-
broadened radiation of D,O (or H,0), in picosecond time
domain. Without any amplification and additive elements,
the spectral wavelengths in the range from ~460 to
~800 nm were easily obtained. The spectral width and cen-
tral peak of the OPL are readily adjustable since the color
and radius of OPL ring depend on the angle between the
propagation direction and the direction normal to the en-
trance surface. Quantitative understanding the nonlinear pro-
cesses involved in the angular dependence of OPL is under

Lee ef al.

investigation. We also demonstrate that the broadband OPL
can be successfully utilized as a probe beam for the picosec-
ond time-resolved diffuse-reflectance measurement. We hope
that the spectral versatility, tunability, and reduced-
complexity of the high-intensity broadband OPL will open
new perspectives on the picosecond pump-probe nonlinear
spectroscopy.

This research was supported by Korea Research Foun-
dation Grant No. (KRF-2000-015-DP0135) for the authors at
Sogang University, and the Ministry of Science and Technol-
ogy through the National Research Laboratory - Program
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University.
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Phase-shifting lateral shearing interferometer
with two pairs of wedge plates
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We present a compact and robust phase-shifting lateral shearing interferometer that produces shearing fringes
in orthogonal directions without any mechanical rotation or precise alignment. It consists of two pairs of
wedge plates, a beam splitter, and a single CCD camera. Both phase-shifting and tilt for lateral shearing
are achieved with two pairs of wedge plates, which can reduce systematic errors caused by external vibration
and atmospheric disturbance. © 2003 Optical Society of America

OCIS codes: 120.3180, 120.5050, 220.4840,

The lateral shearing interferometer (L.SI) has been
commonly used as a tool to test optical elements,
lasers, surfaces, lenses, optical pickup systems, and
near-field optical phases. One of its main advantages
is that it eliminates the necessity for a separate ideal
reference wave front because the original wave front
interferes with a sheared copy of that wave front.
This advantage greatly reduces alignment cost and
measurement time. Lateral shearing can be induced
by parallel plates,'® gratings,®® birefringence,®’
prisms,®® Mach-Zehnder configurations,®! and
Michelson arrangements.»13

In recent years, various types of LSI have been
developed for particular use in inspection of aspheric
lenses and surfaces.''* Although numerous tech-
niques have been developed for lateral shearing, only
a few methods, such as shifting of a plane mirror,
use of a double grating stepper, and use of a liquid-
crystal retarder,”” have been reported for phase
shifting. In general, for phase shifting, an expensive
piezoelectric transducer with a driver and, in the
case of a liquid-crystal device, with precise coatings to
control the reflection at the glass—liquid interfaces are
required. In addition, it is necessary to move a CCD
camera or to install two CCD cameras to capture two
interferograms in orthogonal directions to reconstruct
the original wave front from the measured phases.
Good mechanical stability against vibration as well
as against rotation is also needed to maintain the
constant incident angle of the light toward the shear
plate while measuring the interferograms.

In this Letter we present a compact and robust
phase-shifting LSI that uses two pairs of wedge plates,
a beam splitter, and a single CCD camera to overcome
these difficulties. In particular, the two pairs of
wedge plates are employed to induce a tilt in the wave
front for lateral shearing and to produce orthogonal
phase-shifted shear fringes. In our newly configured
LSI setup, no mechanical movement to change the
shearing direction or coordinate transformation to
make the fringes of equal size is required.

A schematic diagram of our interferometer is
displayed in Fig. 1. The two pairs of wedge plates
(WPSx and WPSy) are installed, with shear and tilt
kept parallel, in two orthogonal shear directions. The

0146-9592/03/222243-03$15.00/0

x- and y-shear interferograms are selectively grabbed
by a CCD camera and two shutters. As mentioned
above, in other interferometers®** the optical compo-
nents should be rotated to produce interferograms
in different shear directions. Because rotation error
affects the coefficients of the noncircularly symmetric
Zernike terms, accurate rotation is required for recon-
struction of the wave front. In our setup, however,
the interferometer can measure without the need for
any optical elements to be moved.

Lateral shear and phase shifting are achieved with
the wedge-plate set illustrated in Fig. 2 in detail. A
tilt angle of §; between front and rear surfaces of the
wedge plates is utilized to shear the original beam.
The outer (right-hand) surface of wedge plate WP1 is
normal to the optical axis, and the outer (left-hand)
surface of WP2 is tilted to the optical axis by ;. The
laterally sheared beams reflected by these two sur-
faces are imaged onto a CCD array. The wedge plates
are attached by immersion in liquid with the same re-
fractive index as the wedge plates.. The tilt angle (81),
which is the cumulative angle of two wedge plates, can
be controlled by rotation of one of the wedge plates.

® €

Open X shutter Open Y shutter

P

Y Shutter
(open for y shear)

Imaging lens /
i
Collimating :
lens : WPSy
s Y, !
1 > —
ad i
i
Testopticat L — —
system
X Shutter E E

(open for x shear) WPSx

Fig. 1. Schematic diagram of our proposed phase-shifting
LSI with two pairs of wedge plates, a beam splitter, and a
single CCD camera.

© 2003 Optical Society of America
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t \

]
; 92", Moving
for phase shifting

Fig. 2. Pair of wedge plates for phase shifting and tilt
shearing.

The amount of tilt can easily be estimated from the
measured interferogram.

The pair of wedge plates is utilized as a physically
robust phase shifter as well as an accurate tilt in-
ducer. We produce the phase shift by sliding one of
the wedge plates in contact along the wedge direction,
resulting in an increase or a decrease of total thickness
of WP1 and WP2 with wedge angle 65, as shown in
Fig. 2. We adopt an inexpensive translator with low
resolution instead of using an expensive piezoelectric
translator with nanometer precision as is often em-
ployed for the conventional LSI. The interferograms
generated by a pair of wedge plates are quite insen-
sitive to mechanical vibrations because two surfaces
that reflect the incident beams are physically in con-
tact. When two plates of ~0.5° wedge (62) are used to
make a phase shifter, the wedge plate should be trans-
lated near 17 pm to yield a quarter-wavelength phase
shift at A =633 nm. Note that longer phase shifts re-
quire smaller wedge angles 6,.

The measured x- and y-shear interferograms are
shown in Figs. 3(a) and 3(b), respectively. One of the
two shutters is selectively opened, and then the cor-
responding shear interferogram is captured. When
both shutters are open simultaneously, however, an in-
terference fringe with low frequency can be obtained,
as displayed in Fig. 3(c), which indicates that the in-
terference pattern is produced by the on-axis normal
surfaces of two wedge-plate sets. Using these low-
frequency fringes, which are quite useful for making
precise on-axis alignments, permits the two shearing
interferograms of the same coordinates and the same
scales to be captured by a single CCD array. There-
fore no additional coordinate transform is required,
and relatively small errors in aperture selection are
introduced. As shown in Figs. 3(a) and 3(b), however,
tilt (8,) affects the defocus term in the Zernike coeffi-
cients of the original wave front even if both tilt and
shear directions are parallel in each interferogram and
the shear ratios are equal. Because the amounts of tilt
cannot be completely equal and their directions can-
not be perfectly orthogonal for the two pairs of wedge
plates, systematic errors may also have an influence
on the astigmatism.

To find the original wave front from the two shear
wave fronts we use the reconstruction algorithm pro-

OPTICS LETTERS / Vol. 28, No. 22 / November 15, 2003

posed by Rimmer and Wyant.* The relationship be-
tween the sheared wave front and the orlgmal wave
front W{(x, y) is assumed to be'®

AW, =W(x +a,y) - Wx,y) + Xyx + AY,y, (1)

AW, = W(x,y + b) — W(x,y) + Y,y + AX,yx, (2)

where AW,, AW,, a, and b are the phases and the shear
amounts in the x and y shear interferograms, X, and
Y, are the tilts in shear directions generated by tilt
angle (81) of WPSx and WPSy, and AX, and AY, are
the tilts in the directions orthogonal to the shear di-
rections produced mainly by the misalignment of two
wedge-plate sets, respectively Systematic errors (X,
Y,, AX,, and AY,) appear in the defocus and astig-
matism terms of the wave front reconstructed by the
algorithm. Therefore they are compensated for by the
Zernike coefficients obtained by preliminary measure-
ment of the reference plane wave front. After the cor-
rection, high resolution of the root-mean-square wave
front, less than A/1000, is obtained. It should be em-
phasized that all the phase-shifted shear fringes in
orthogonal directions were measured on an ordinary
tabletop without stabilization or damping facilities.

In conclusion, we have proposed a new type of
phase-shifting  lateral shearing interferometer in
which two pairs of wedge plates are utilized as phase
shifters and a lateral-shear inducer. The cumula-
tive angle of the wedge plates and sliding a wedge
plate provides the lateral shear and the phase shift
necessary for evaluating the beam’s wave front. Our
configuration does not require any rotation of optical
components to change the shearing direction, thereby
reducing systematic errors and errors that are due

()
Fig. 3. Lateral shear interferograms:
{b) y direction, (c) both shutters open.

(a) x direction,
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2 oL FeldE olisle gl e © CdS wiEA S Alxetw, AR A 38 F
T2 ERLS 231900} CdS AP A2A] sHEES A Fels B2 cadmium sulfateS ARS-31 T, e A
I3 EA 2 2-mercaptoethanotd AME3HE 00, w7 23 Zlupd o] AN Bol] EAISH: B9 e & o1
it A 2AF A Fol A2E CdS S FFAEER S wlwdt 27, 0] 24 FollE 300 o400 nm
Abolell A CdS FAH HAd] o3t AAE F B-9=7) B3] #Eg S FUE 4 ok ma Aupde] 24 4]
ZhS 58, 108, 15828 S7MA 2 kg b2 AR B3t JAIE F4- 9] 338 om, 347 nm, 367 nm
2 APt Fo 2 o) Hlghews, Puhde aAEkE 2Asb CdS A Y] 213 WEAg S 3lES ¢
= UK

FN0f:  CdS A, FHpA, 89, A EEE-92]

ABSTRACT. CdS semiconductor quantum dot (QD) structures in aqueous solution are fabricated by using a gamma-
ray irradiation technique and their optical absorption spectra are investigated. Cadmium sulfate solution, 2-mercap-
toethanol solution, and reducing agent e, are employed to produce CdS molecules, leading to CdS quantum dots. The
measured linear absorption spectra before and after y-ray irradiation clearly show exciton peaks between 300 nm and 400
nm, which indicate the formation of CdS QD’s. It is also observed that the exciton peaks are red-shifted with increasing
the y-ray irradiation time from S min to 15 min. Therefore, it is concluded that the mean QD sizes can be systematically

controlled with the dosage of the y-ray trradiation.

Keywords: CdS Quantum Dot, Gamma-ray Irradiation, Aqueous Solution, Exciton Peaks
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Table 1.CdS 3APG A2 A AHE Ao}, B35 9 pHEA

A] eF 5= pH
Cadmium sulfate 10° M 4.6
Sodium phosphate 2%x102 M 11.25

2.5%10 M
2-mercaptoethanol 5.0x107° M 9
7.5%107 M
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There have been great interests in the optical, electrical,
and chemical properties of quantized nanoparticles, such as
semiconductor quantum dots (QDs).! Semiconductor QD
structures particularly have attracted attentions because of
their strong three dimensional quantum confinement effects.
Researches have been held to develop better methods to
fabricate such semiconductor QDs, showing great progress
during the past decade. One of the most early developed
fabrication methods is to embed II-VI semiconductor
compound QDs into glass matrices.® However, recently,
many research groups have established chemical fabrication
methods of colloidal QDs dispersed in solution, which are
comparatively more stable than those in glasses.*® In
particular, a radiolysis method utilizing a gamma ray source
at room temperature has been actively and successfully
conducted, which allows us to monitor the size of the sample
during each fabrication process.” These colloidal QDs are
produced by chémical reactions in equilibrium states, where
the solution matrices act as a stabilizer, offering fast reaction
time between the atoms as well as a slow growth rate during
the fabrication procedure, helping to improve stability. In
general, capping ligand is usually added to ayoid aggre-
gation of the nanoparticles and increase the solubility.
Along with semiconductor QDs, solid metal nanoparticles
also display distinctive and potentially productive properties.
Characteristics of surface enhanced Raman scattering and
surface second harmonic generation due to local field
enhancement associated with plasmon resonance are well
known examples of such the specialties.'®'? Metal nano-
particles also have a large and fast third order optical
nonlinearity opening possibilities for optical switching
devices.'? Fabrication methods of metal nano-structured
particles, like in the case of semiconductor nanoparticles,
have been continuously improved to reduce inhomogeneous
broadening, optimizing their optical properties.

If the metal nano-structure is incorporated into the QD
system, coupling between the plasmon resonance effect and
the quantum size effect of the semiconductor QD may
develop new aspects of nano-composite material systems
and also widen applications for noble nano-devices."!” In
this article, the fabrication and optical characteristics of CdS/

Ag semiconductor-metal composite QD structures are
presented. The CdS QDs were made of cadmium sulfate and
2-mercaptoethanol by gamma ray irradiation in aqueous
solution and silver was partially covered around the
fabricated CdS QDs. The measured absorption spectra
showed exciton peaks due to the quantum confinement effect
as well as the surface plasmon resonance effect.'®!? A red-
shift of the CdS exciton absorption peak was observed,
strongly indicating an enhancement of the local field in the
semiconductor core. High Resolution Transmission Electron
Microscopy (HRTEM) was also carried out to verify
formation of CdS QDs and CdS/Ag composite QDs.

Experiments

The CdS QDs were prepared in water under the following
five step processes as depicted in Figure 1. All processes
were held under N; gas environment to prevent oxidation.
First, cadmium sulfate (CdSOs, M.W. =78.13) was dissolved
into super pure water to make a Cd>* mother solution of 107
M at pH 4. Next, 0.1 M HOCH,CH,SH mother solution of

2-mercaptoethanol
mother sofution
Buffer (Na,PO, 2X102M) +
HOCHz%:ﬁz%H 10'M
p =

Cadmiwm mother sotution
Cdso, 103M i
pH=4.6

Synthesis
Cd?* (2.5X10-M) + SH- (7.5X10-3M)
=1:300

CdS/Ag composite
nanoparticles

Figure 1. Five step fabricate processes of CdS quantum dots.
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pH 9 was produced by combining 2-mercaptoethanol
(HOCH:CH,SH, M.W. = 208.46) in a buffer solution made
by dissolving sodium phosphate (NasPQO,) in water. Third,
both solutions were mixed by adding the mother solution of
Cd* and HOCH,CH,SH solution with the ratio of
concentration as 1:100, 1:200 and 1:300 at pH 7.5.
Fourth, ¥Cs facility of 2500Ci was used to irradiate the
solutions in the steady-state regime with a gamma-ray
dosage of 0.3 kGy, 0.6 kGy, and 0.9 kGy, to produce CdS
QDs using the hydrated electron €7, as reducing species.
Finally, in order to fabricate metal coated CdS/Ag with the
previously made CdS QDs, the excess of 2-mercaptoethanol
had to be removed. Then, a poly vinyl sulfate mother
solution of 2 x 10™* M was added to stabilize the CdS QDs,
while resin and amberlite were used to remove the excess of
2-mercaptoethanol. 1 ml of the silver mother solution of 1.6
x 103 M using silver sulfate (Ag,SO,) was also annexed
into the solution for the silver capping process. Finally,
formaldehyde solution of 10 M was added to reduce the
silver sulfate at the surface of the CdS QDs. .

HRTEM investigations were performed using a Philips
CM30 electron microscope, equipped with a high resolution
stage to get information not only of the structure, but also of
the texture of the materials at a nanometric scale. The spatial
resolution in HR mode was 0.18 nm (point to point). The
CM30 is equipped with a Low Illumination Digital camera
which can directly catch the numerical micrography,
providing a Fourrier Transform (FT) operation of the images
on a full scale or on a selected Region of Interest (ROI).

Experimental Results

Figure 2 shows typical HRTEM pictures of a CdS QD and
CdS/Ag composite QDs, which were fabricated by using the
aforementioned method. As shown in Figure 2(a), an almost
perfectly circular CdS QD can be fabricated, which has three
different systems of fringes (3 crossed white arrows). The
FT of a ROI indicated by a white dashed circle on the
micrography gives ‘the following inter reticular distances
between the fringes: 2.41 £0.12 A, 2.36 +0.11 A and 2.035
+0.10 A. Figure 2(b) displays the micrography of CdS QDs
(low contrast) doped by Ag (high contrast). The ROI

Figure 2. High-Resolution TEM image of (a) a CdS quantum dot
and (b) CdS/Ag composite quantum dots. (The white small dashed
circle corresponds to the ROI of the FT; and FT; and the white
large dashed circle to the FT3).
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Absorbance (olL)

3.0 3.5 4.0 45
Energy (eV)

Figure 3. Absorption spectra of CdS quantum dots for varying
concentration ratios of 2-mercaptoethanol.

selected presents two different systems of atomic fringes.
The FT; and FI; for the ROL and ROL reveals the
formation of CdS with inter reticular atomic distance of
3.417+0.154,3.042+0.154,241020.12 4,235 £ 0.11
A, and 2.035 + 0.10 A, which are in accordance with value
corresponding to CdS crystals in JCPDF files. The FT3 of
the ROI; exhibits a Debye-Scherrer pattern with fringes at
2.41 = 0.12 A and 2213 x 0.11 A, indicating the partial
growth of Ag hexagonal nano-crystals on the surface of the
CdS QDs.

The effect of the concentration of 2-mercaptoethanol has
been investigated on the preparation of smaller sized CdS
QDs. In Figure 3, the absorption spectra for different ratios
of [Cd**)/[SH] is displayed. One can distinguish two bands
at ~4.00 eV and ~3.35 eV corresponding to CdS QDs having
an average radius of ~1.29 nm and ~1.75 nm, respectively.
As the concentration of 2-mercaptoethanol, which acts as a
stabilizer for the CdS QDs increase, the absorption band
around 3.35 eV decrease in intensity and disappear

1.5
- —  1:300
B 1.0
3
c
©
£
<] .
3 -
< 0.5
00 1 T T
3.0 3.5 4.0 4.5 5.0

Energy (eV)

Figure 4. Absorption spectra of CdS quantum dots for different -
ray dosage.

_69_



936 Bull. Korean Chem. Soc. 2004, Vol. 25, No. 6

4
—— CdS/Ag
R Cds
3 pu
Plasmon
Resonance 4.01eV
3.36 eV

Absorbance (cl)
[\¥]

25 30 35 40 45
Energy (eV)

Figure 5. Absorption spectra after capping CdS quantum dots with
silver ([CA**V/[SH ] = 1/300, y-ray = 0.9 kGry).

completely for a ratio {Cd**)/[SH] of 1/300. This effect
indicates that for stabilizing the particles, large amounts of
2-mercaptoetanol is necessary.

In Figure 4, the effect of the dose on the growth of CdS
QDs is presented. Above a dose of 0.6 kGy, the maximum
absorption at 4 €V remains constant indicating a complete
reaction and a complete use of the cadmium concentration to
form CdS QDs. For capping silver on the surface of the
particles, therefore, a dose of 0.9 kGy and a concentration
ratio [Cd?*V[SH™] of 1/300 has been used.

After the silver is added into the colloidal solution, two
absorption peaks are apparent between 3.0 eV and 4.25 eV,
as shown in Figure 5. Gaussian fitting of the absorbance
reveals that a new peak is observed at 3.36 eV, which arises
from the plasmon resonance of silver nanostructures origi-
nating from silver structures coating the CdS semiconductor
QDs. In addition, the Gaussian fitting of exciton and plasmon
resonance peaks shows that the pre-existent absorption peak
at 4.01 eV has shifted to a lower energy by 0.09 eV to 3.92
eV. The red-shift of the absorption peak is attributed to be an
effect due to the local-field enhanced by a metal structure
surrounding the semiconductor core.

We have calculated the Stark shifts based on the effective-
mass Hamiltonian in the presence of an external electric
field, as shown in Figure 6. From this calculation, the local
field is estimated to be approximately 1 x 10° V/cm for the
observed red-shift of 0.09 eV. The calculations are deter-
mined by the electron-hole pair energy levels and the dipole
moment matrix elements, which are obtained by the results
of the numerical matrix diagonalization method.® Thus, we
conclude that the red-shift of the absorption peak corre-
sponding to the semiconductor core implies the strong local
field effect in metal-coated semiconductor composite QD
systems. The red-shift of the exiton peak as a function of the
silver thickness is under investigation.

This research was supported by the Ministry of Science

- 70 -

Notes

0.3
S
2
8
&
S 0.2
174
o
c
o
‘C
P
¥ 0.1
7]
-~
s
)
=
L
7]

0.0 T | 1 T

0.0 5.0x10° 1.0x10° 1.5%10° 2.0x10°
F (Vicm)

Figure 6. Calculated Stark shifts for a’CdS QD of radius 1.29 nm
as a function of external electric field based on the effective-mass
Hamiltonian.

and Technology of Korea through the National Research
Laboratory Program (Contact No. M1-0203-00-0082).

References

1. Banyai, L.; Koch, S. ' W. Semiconductor Quantum Dots; World
Scientific: Singapore, 1993.

2. Borelli, N. E; Hall, D. W,; Holland, H. J.; Smith, D. W. J. Appl.
Phys. 1987, 61, 5399.

3. Brus, L. E. J. Chem. Phys. 1984, 80, 4403.

4. Weller, H.; Schmidt, H. M.; Koch, U.; Fojtik, A.; Baral, S;
Henglein, A.; Kunath, W.; Weiss, K.; Dieman, E. Chem. Phys.
Lert. 1986, 124, 557.

5. Alivisatos, A. P; Harris, A. L_; Levinos, N. I.; Steigerwald, M. L,;
Brus, L. J. Chem. Phys. 1998, 81, 4001.

6. Jeong, Y. L; Ryu, 1. G; Kim, Y. H.; Kim, S. H. Bull. Korean
Chem. Soc. 2002, 23, 872.

7. Treguer, M.; Cointet, C.; Remita, H.; Khatouri, J.; Mostafavi, M.;
Amblard, J.; Belloni, J.; Keyzer, R. J. Phys. Chem. B 1998, 102,
4310.

8. Belloni, J.; Mostafavi, M.; Remita, H.; Marignier, J. L.; Delcourt,
M. O. New. J. Chem. 1998, 22, 1239.

9. Mostafavi, M.; Liu, Y. P; Pernot, P; Belloni, J. Radiation Physics
and Chemistry 2000, 59, 49.

10. Nie, S.; Emory, S. R. Science 1997, 275, 1102.

11. Jang, N. H. Bull. Korean Chem. Soc. 2002, 23, 1790.

12. Antoine, R.; Brevet, P. E; Girault, H. H.; Bethell, D.; Schiffrin, D.
1. J. Chem. Soc. Chem. Commun. 1997, 1901

13. Averitt, R. D.; Westcott, S. L.; Halas, N. . J. Opt. Soc. Am. B
1999, 16, 1824.

14. Moskovits, M. Rev. Mod. Phys. 1985, 57, 783.

15. Metiu, H. Prog. Surf. Sci. 1984, 17, 133.

16. Hache, E; Ricard, D.; Flytzanis, C.; Kreibig, U. Appl. Phys. A
1998, 47, 347.

17. Ricard, D.; Roussignol, P; Flytzanis, C. Opt. Lett. 1985, 10, 511.

18. Wokaun, A. Solid State Phys. 1984, 38, 224.

19. Joseph, W. H.; Zhou, H. S.; Takami, S.; Hirasawa, M.; Honma, 1;
Komuyama, H. J. Appl. Phys. 1993, 73, 1043.

20. Hu, Y. Z.; Londberg, M.; Koch, S. W. Phys. Rev. B 1990, 42, 1713.



Available online at www.sciencedirect.com

QGIENOE‘CbDIREGT‘B

Chemical Physics Letters 394 (2004) 324-328

CHEMICAL
PHYSICS
LETTERS

]
www.elsevier.com/locate/cplett

Optical response of silver coating on CdS colloids

Frederic Rocco ?, Arvind K. Jain 2, Mona Treguer 2, Thierry Cardinal »*, Sylvie Yotte °
Philippe Le Coustumer °, Chang Youl Lee ?, Seung Han Park °, Joong Gill Choi °
® ICMCB, CNRS, 87 av. Dr. Schweitzer, University Bordeaux I, 33608 Pessac cedex, France

Y CDGA, Avenue deés Facultés, University Bordeaux I, 33405 TALENCE cedex, France
© Optics Laboratory, College of Science, Yonsei University, 134 Shinshon-dong, 120-749 Seoul, South Korea

Received 1 June 2004; in final form 6 July 2004
Available online 28 July 2004

Abstract

Aqueous colloidal systems of composite silver metal and CdS semiconductor of different size were investigated. Coating the CdS
colloids with silver islands leads to composite structures with electronic properties differing considerably to the sum of the separate
particles. Evidence for the deposition of the silver on CdS is obtained from optical spectroscopy and High Resolution Transmission

Electronic Microscopy.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

In correlation with the development of powerful laser
sources, nanoparticles derived from metal and semicon-
ductor have received particular attention because of
their unusual linear and non-linear optical properties.
The semiconductor particles in glasses have attracted
attention as new non-linear optical material, since they
possess a large third-order optical susceptibility in com-
parison to pure silica. Nevertheless, their non-linear op-
tical response remains too low for practical use.
Recently, it has been suggested that the well defined sur-
face plasmon resonance exhibited by metallic nanosys-
tem can enormously enhanced the oscillator strength
of particles or molecules [1]. Theoretical and experimen-
tal investigations have demonstrated that non-linear
Kerr effect could be enhanced by several orders of mag-
nitude when the Mie resonance of a metal is combined
with nanosemiconductor [2]. Those optical enhancement
phenomena are expected by engineering spherical com-
posite material consisting of a semiconductor core with

" Corresponding author. Fax: +33 (0) 1 5 56 84 27 61.
E-mail address: cardinal@icmceb.u-bordeaux].fr (T. Cardinal).

0009-2614/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.cplett.2004.07.022

a metallic shell, or vice versa. Of particular interest is the
composite: CdS@Ag. The dielectric CdS quantum dots
have an intrinsic large non-linear response due to an ex-
citon resonance; whereas, among all metals, silver exhib-
its the most pronounced Mie resonance. So far, different
methods of synthesis for coating the CdS dielectric na-
noparticles with a metallic silver shell have been pro-
posed in the literature. Ko et al. [3] has explored melt/
quench method to achieve CdS@Ag in glass matrix. Soft
chemistry has also been to prepare CdS@Ag by precip-
itation technique. Neuendorf et al. [4] have demonstrated
that the nanocomposites constiting of a coating of metal
exhibit enhanced intrinsic non-linear optical bistability.
However, efforts have to be made to improve quality
and reproductibility of the samples. In addition, no clear
structural investigations for evidencing the implantation
of silver on the semiconductor interface have been per-
formed. In the present report, the preparation of CdS
nucleus with silver istand for two different sizes of CdS
is described. The particles are made by reducing silver
ions in a solution of CdS particles with a limited forma-
tion of individual silver particles. The absorption spec-
tra and structural investigations are reported. The
investigations confirm the high sensitivity of the optical
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properties of the colloidal particles on the chemical
nature of the surface.

2. Experimental
2.1. Preparation of the nanocomposite CdAS@Ag

2-Mercaptoethanol, cadmium sulfate, cadmium
perchlorate, sodium sulfide, polyvinylsulfate PVS
(MW = 10°), methanol, sodium hexametaphosphate
(HMP), formaldehyde, silver nitrate or sodium silver cy-
anide were of the highest purity available (Ardrich, Ac-
ros, Alfa Aeasar). Milli-Q grade water was used in all
the preparations. All other chemicals were analytical
grade. The silver coating was achieved on two size of
CdS colloidal particles (<1 and about 15 nm) prepared
from two different routes.

2.1.1. Smaller sized CdS particles (<1 nm)

Monodisperse colloidal CdS was prepared, by irradi-
ating with the *’Cs y-rays source (3000Ci, 1.8 kGy/h),
solutions of CdS042.5x10™* M) and 2-mercap-
toethanol (7.5x 1072 M) at a pH = 7.5 (buffer:sodium
phosphate) in a closed glass vessel using the procedure
described elsewhere [5,6]. In our experiments, the solu-
tions have been exposed to y-rays to a dose of 0.3
kGy, which leads to the formation of (CdS), which have
a mean diameter of 0.9 nm.

2.1.2. Larger sized CdS particles (about 15 nm)

The larger CdS colloid preparation followed a meth-
od decribed by Kumar and Jain [7] with slight modifica-
tions. Cd(ClQ,), solution (0.1 moldm™>) was added
drop-wise to HMP solution in a 500 ml flat bottom flask
to obtain a reaction mixture having 3 x 107 mol dm™3
of each of these reactants. The pH was adjusted to nine
and argon gas was flushed for about 15 min. Stoechio-
metric amount of SH™ was injected under vigorous stir-
ring. The solution was finally flushed with N, for about
5 min.

2.1.3. Silver deposition on CdS seeds

In order to coat the CdS colloids, two methods were
used to reduce Ag® ions. Firstly, a radiolytic method
was tried which in other case has been quite useful [8].
NaAg(CN), was added to CdS colloidal suspension at
pH 7.5 as well as 0.3 mol of CH30H. The solution
was degased in a sealed glass vessel by N,O gas for 30
min. Exposure to y-rays leads to the formation of organ-
ic radicals that transfer electrons to CdS particles. The
stored electrons reduce the silver ions on the surface of
CdS particles. However, it was found that part of the
radicals reduced the silver ions directly in solutions,
the result being that individual silver particles were also
formed.

Second, formaldehyde was used as the reducing
agent. When silver ions are reduced by formaldehyde
in the absence of colloidal particles, an induction period
of several minutes is observed. However, when CdS par-
ticles are present, the reduction occurs instantaneously
and individual Ag, particles are not produced. The fol-
lowing procedure was followed: first, the polyvinyl sul-
fate polymer was added to CdS solution to avoid the
coalescence of the particles. Excess of ionic compounds
was removed from the sol before PVS addition by treat-
ment with Amberlite; second, 2 x 10~ M formaldehyde
was added to 50 ml of CdS solution (pH = 7.5). The so-
lution was in a round flask under nitrogen. Several mil-
liliters of deareted silver nitrate solution (5x 10~ and
103 M) was slowly injected under strong striring. Dur-
ing the injection, the spectral change took place immedi-
ately. The CdS concentration in the final solution was
2.5x10~* M and the total concentration of silver added
varied between 5x 107> and 5x 107* M.

2.2. Apparatus

The absorption spectra of colloidal suspensions were
recorded using a cary5E spectrophotometer with a spec-
tral resolution of 2 nm in an optical cell with an optical
path of 10 mm.

For electron microscopy, small drops of solution
were adsorbed on Cu grids coated with carbon mem-
brane followed by the evaporation of the solvent in
the air. The High Resolution Transmission Electronic
Microscopy investigations were performed using a Phi-
lips CM30 electron microscope (300 keV). The spatial
resotution is 0.18 nm. The CM30 is equipped with
Low Illumination Digital camera from Gatan company
to catch directly numerical micrography. Using the
Gatan software, it is possible to perform Fourier Trans-
form (FT) operation. This tool is useful for very
fine analysis of very small domains, typically few
nanometers.

3. Results and discussion

Fig. 1 shows the absorption spectra for the colloidal
CdS particles less than 1 nm and the changes observed
after the deposition of silver at various concentration.
Before the deposition of silver, the irradiated solution
of colloidal CdS is almost colorless (Fig. 1). The spec-
trum of colloidal CdS solution has a maximum at 330
nm and the onset is about 390 nm (=3.05 eV); the ab-
sorption coefficient is 3000 1 mol™' cm™'. A similar spec-
trum has been observed previously [6]. No change in the
300-330 nm region in the spectrum of the colloidal CdS
is observed after removing the excess of mercap-
toethanol groups and the addition of the polyvinyl-
sulfate which has a weak absorption in the UV. The
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Fig. 1. Absorption spectra of CdS (2.5 x 107* M) before: (a) and after
deposition of two different silver solution concentration, respectively,
5% 1075 M; (b) and 10™% M; (c) [PVS] = 2.5 x 10~* M. Irradiation dose:
0.3 kGy. Inset.: Spectrum of a mixture of separate, coexisting clusters of
CdS (2.5 % 107%) and Ag, (1 x 10™* M) without interaction,

electron microscope pictures revealed well-separated
crystalline CdS particles with a rather fine size distribu-
tion of 0.9 nm diameter. When silver is reduced, in a sec-
ond step, by an aldehyde on the CdS nucleus, the
composite particles present specific optical spectra with
a maximum wavelength around 367 nm (=3.4 eV). No
strong absorption band in the 380-400 nm region due
to the development of pure colloidal silver can be ob-
served. In addition, as the silver concentration increases,
the right-hand side peak is red-shifted (Fig. 1). The spec-
trum corresponding to the particles after silver growth is
different from the one of a mixture of coexisting clusters
of CdS and silver without any interaction. The spectrum
would be in that case a sum of the two components
characterized by two distinct maxima at around 345
nm (=3.6 eV) and at around 420 nm (~3 eV) as shown
in the inset of the Fig. 1. Furthermore, note that the ab-
sorbance of the composite solution in the UV is much
more intense below 340 nm than pure individual silver.
These features of the absorption spectrum were attribut-
ed to composite with silver metallic formation on CdS.
The electron micrograph indicates that the average size
of mixed clusters is larger than that of pure CdS ones.
However, the stuctural characterization of the nano-
composite is rather difficult due to their small size (about
1 nm). The silver deposition has been demonstrated

through studies on larger CdS seeds described in the fol-
lowing paragraph.

The larger CdS particles prepared as decribed in the
experimental section exhibit size about 15 nm and broad
size distribution (from 1 up to 24 nm) according to TEM
investigations. The absorption spectra of the CdS parti-
cles obtained by the precipitation method exhibit an on-
set at about 480 nm (=2.6 eV), corresponding to the
yellow coloration of the solution (Fig. 2). According
to the optical band gap of hexagonal crystalline CdS
at 2.52 eV at room temperature and the description of
Brus [9] of the quantum confinement of semiconductor
nanoparticles, our absorption spectrum data are in good
agreement with particles about 15 nm and tend to bulk
absorption feature. After reduction of silver on the sur-
face of the CdS particles, a broad absorption band is ob-
served around 370 nm (=~3.3 eV). For larger silver
concentration, this band becomes narrower and is pro-
gressively red shifted to 390 nm (~3.2 eV). The position
of the bands appearing for composite materials between
350 and 390 nm is in accordance with the band observed
for the smaller CdS particles picking at 367 nm. For
both size, the optical responses of the composite materi-
als are similar and indicate that silver has been formed
on CdS as confirmed by the HRTEM investigation
below.

High resolution micrograph pictures of uncoated and
coated CdS are shown on Figs. 3 and 4, respectively. Be-
fore silver deposition, a perfect circular crystal of pure
CdS of 16 nm of diameter can be observed. The electron
diffraction experiments of this sample exhibit the typical
parameters of hexagonal CdS. After silver deposition,
the high resolution micrograph pictures of particles
mostly exhibit darker contrast regions included into
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Fig. 2. Absorption spectra of colloidal CdS before(---)
[CdS}=3.0x 107* M and after deposition of various silver amount:
5.0 10~ (—), 3.0 x 107*M (; 2.0 107* M (A).
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Fig. 3. High resolution micrography of CdS. The white circle represents the region where the TF has been done.

Fig. 4. High resolution micrography of CdS after silver coating. [CdS] = 3.0 x 107 [Ag] = 5.0 x 10™* M Inser.: Representative TEM image of silver
coated CdS colloids.

the light gray CdS crystals. Fig. 4 shows two nanocrys- more contrasted of about 5 nm of diameter (white
tals of different size: 10 nm of diameter (left one) and 12 arrows). Since thickness for each particle is the same
nm (right one). Both of them present smaller domains (no thickness gradient along particles has been
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observed), the difference of contrast has been attributed
to a difference of chemical composition. The Fourier
Transform (FT, and FT,) gives, respectively, the follow-
ing inter reticular atomic distances of 3.417 £0.15,
3.042 £0.15, 2.410£0.12, 235 £0.11 and 2.035*%
0.10 A. While the FT; gives the following results:
2.41 £0.12, and 2.213 +0.12 A. The maximum error
for each measurement has been estimated to 5%. The
lattice plane distances identified correspond to those of
pure CdS and a silver phase: hexagonal Ag or acanthite
Ag,S. Since the lattice distance typical for those latter
are close, none of those observations allow us to con-
clude on the exact nature of the Ag phase. Nevertheless,
the comparison of our results of Figs. 1 and 2 from the
spectra of CdS—-Ag, S core-shell nanoparticles reported
by several autors [10,11] clearly favor the formation of
pure silver phase. The CdS particles coated with Ag,S
display a long absorption tail covering the entire visible
spectra region. In addition, the concentrations of silver
used are far above the concentration of 1% up to which
Ag,S can be formed in the CdS lattice [12]. Therefore,
we conclude that pure silver islands were formed on
the CdS particles. We cannot exclude that in the interfa-
cial region between the CdS and Ag silver sulfide is pre-
sent, since a substitution of Cd** ions in the CdS
particles by Ag" takes place immediately [10]. This phe-
nomenon is probably occurring in our case. However,
no isolated Ag,S particles were seen by HRTEM, only
few individual Ag phase were observed (less than 1%) in-
dicating also that the right experimental conditions have
been found for avoiding the formation of individual sil-
ver particles. An image analysis on a survey of approx-
imately 70 particles yields that 30% of the CdS particles
were coated with silver. The fairly low yield of silver
coating is probably due to the difference of lattice pa-
rameters of the both materials which favors the growth
of the metal only on preferential directional lattice
planes. This study confirms the high sensitivity of the
optical properties of colloidal particles on the chemical

nature of their surface. The presence of the metallic mat-
ter, even at low concentration (island and not a com-
plete shell), on the interface, strongly influences the
resonance frequencies of the small as well as the large
CdS particles. The presence of a foreign material on
the interface of colloids may have larger importance,
even than its size effects.
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We propose a near- field scanning optical interferometer (NSOI) based on the facet reflection of a nano-sized moveable tapered
optical fiber. The interferometer can measure the position and the wave-front of a focused spot simultaneously. - The interfering
fringes are generated by the reflected beams from the sample surface and from the fiber facet.  The wave-front analysis at the
focusing position is obtained by using a phase shifting technique with a four-step algorithm. It is found that the resolution for
controlling the focal position of our proposed NSOI is less than A/3 and the measured wave-front aberration at the focal position
is in good agreement with the ones obtained by a Twyman-Green interferometer.
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Abstract: By using a finite-difference time-domain method, we analyze
self-focusing effects in a nonlinear Kerr film and demonstrate that the near-
field intensity distribution at the film surface can reach a stable state at only
a few hundred femtoseconds after the incidence of the beam. Our
simulations also show that the formation of multiple filamentations in the
near-field is quite sensitive to the thickness of the nonlinear film and the
power of the laser beam, strongly indicating the existence of nonlinear
Fabry-Perot interference effects of the linearly polarized incident light.

©2004 Optical Society of America

OCIS codes: (260.5950) Self-focusing; (190.0190) Nonlinear optics; (190.3270) Kerr effect;
(190.4720) Optical nonlinearities of condensed matter

References and links

L

R. Y. Chiao, E. Garmire, and C. H. Townes, “Self-trapping of optical beams,” Phys. Rev. Lett. 13, 479
(1964).

2. V.1 Talanov, “Self-focusing of waves in nonlinear media,” JETP Lett. 2, 138 (1965).

3. 1 A. Fleck, Jr., and P. L. Kelley, “Temporal aspect of the self-focusing of optical beams,” Appl. Phys. Lett.
15,313 (1969).

4. M. D. Feit, and J. A. Fleck, Jr., “Beam nonparaxiality, filament formation, and beam breakup in the self-
focusing of optical beams,” J. Opt. Soc. Am. B 5, 633 (1988).

5. K.D. Moli, A. L. Gaeta, and G. Fibich, “Self-similar optical wave collapse: observation of the townes
profile,” Phys. Rev. Lett. 90, 203902-1 (2003).

6. G.Fibichand A. L. Gaeta, “Critical power for self-focusing in butk media and in hollow waveguides,” Opt.
Lett. 25, 335 (2000). .

7. G. Fibichand B. Ilan, “Multiple filamentation of circularly polarized beams,” Phys. Rev. Lett. 89, 613901-1
(2002).

8. G. Fibich and B. Ilan, “Vectorial and random effects in self-focusing and in multiple filamentation,”
PHYSICA D 157, 112 (2001).

9. G. Fibich, W. Ren, afid X.-P. Wang, “Numerical simulations of self-focusing of ultrafast laser pulses.” Phys.
Rev. E 67, 056603 (2003).

10. R. M. Joseph, A. Taflove, “Spatial soliton deflection mechanism indicated by FDTD Maxwell’s equations
modeling,” IEEE Photon. Tech. Lett. 6, 1251 (1994).

11. R. W. Ziolkowski, and J. B. Judkins, “Full-wave vector Maxwell equation modeling of the sel{-focusing of
ultrashort optical pulses in a nonlinear Kerr medium exhibiting a finite response time,” J. Opt. Soc. Am. B
10, 186 (1993).

12. K. B. Song, J. Lee, I. H. Kim, K. Cho, and S. K. Kim, “Direct observation of self-focusing with
subdiffraction limited resolution using near-field scanning optical microscope,” Phy. Rev. Lett. 85, 3842
(2000}

13.- Y. Choi, 1. H. Park, M. R Kim, W. JThe, and B. K. Rhee, “Direct observation of self-focusing near the
diffraction limit in pelycrystalline silicon film,” Appl. Phys. Lett. 78, 856 (2001)

14. J. Tominaga, T. Nakano, and N. Atoda, “An approach for recording and readout beyond the diffraction limit
with an Sb thin film,” Appl. Phys. Lett. 73, 2078 (1998).

15. K. 8. Yee, “Numerical sojution of initial boundary value problems involving Max well’s equations in
isotropic media,” IEEE Trans. Antennas Propagat. 14, 302 (1966).

#4213 - $15.00 US Received 20 April 2004; revised 20 May 2004; accepted 26 May 2004
(C) 2004 OSA 14 June 2004 / Vol. 12, No. 12 / OPTICS EXPRESS 2603

_82._



1. Introduction

Self-focusing, a well-known nonlinear phenomenon, has been extensively investigated, since
the intensity-dependent refractive-index gradient may effectively reduce the diffraction
limited spot-size [1,2]. Theoretically, the beam propagation method (BPM)[3,4], nonlinear
Schrédinger equation (NLSE) [5-9}, and finite-difference time-domain (FDTD) method
[10,11] etc. have been employed to understand the temporal and spatial electromagnetic-field
variations in nonlinear bulk media, including the self-focusing effect. By using a non-paraxial
BPM based on the Helmholtz equation, Feit and Fleck {4] reported that the non-paraxial
treatment of the nonlinear process limits the decrease in beam size to the order of one optical
wavelength, leading to multiple foci, beam breakup and filament formation. Fibich and Ilan
(7] showed that multiple filamentation can be suppressed for the circularly polarized beams in
a Kerr medium using a scalar equation to describe self-focusing in the presence of vectorial
and non-paraxial effects. The finite-difference time-domain (FDTD) method, which
represents the electromagnetic-field vectors in the time domain without paraxial
approximation, has also been utilized to study the complex nonlinear phenomenon. Especially,
the time-dependent features of nonlinear material, such as the femtosecond optical pulse
propagation in a nonlinear Kerr medium {11} and the formation of temporal solitons {10],
have been investigated with the FDTD method, since it is a convenient tool to describe the
temporal dynamics of nonlinear materials.

The self-focusing phenomenon, including beam breakups and multiple filamentations, has
been experimentally observed in bulk medium only for sufficiently intense laser beams.
Recently, however, it has been shown that self-focusing effects can be directly observed in
nonlinear thin films with a low-power continuous-wave (CW) laser by using a mear-field
scanning optical microscope [12-14]. Song ef al. [12] showed that filaments with a minimum
size of 0.3 /4 m were observed in 1.7 u mthick arsenic trisulfide (As,S;) films with a 1.6

mW laser diode. Choi et al. [13] reported that the optically focused beam size can be
decreased below the diffraction-limit in a 0.3 g« m thick polycrystalline silicon (p-Si) film in

the near-field region. Since self-focusing in thin films have more complex features than that
in bulk media due to multiple reflections, few theoretical approaches for the nonlinear
processes in the thin films have been discussed. In this letter, we present a three-dimensional
(3D) FDTD analysis of the self-focusing effects in the ponlinear Kerr thin-films at various
configurations. Our simulations show that the nonlinear Kerr film exhibits quite different
filamentation features than that of bulk materials due to nonlinear Fabry-Perot interference of
linearly polarized incident light.

2. FDTD anpalysis of self-focusing in a nonlinear Kerr film

The interaction of a beam of light and a nonlinear optical medium can be expressed in terms
of the nonlinear polarization. In the time domain, the nonlinear electric polarization (in MKS
units) is given by [11]

P (x,1) =&, r 2% - DB, r)le(x, Ndz Q)

where #®(f) is the time-dependent third-order nomlinear susceptibility. = The third-order
nonlinear susceptibility of Kerr-type materials can be assumed as an instantaneous-response

model: y® (1) = ¥& 5(f), since the relaxation time of Kerr-type materials is of the order of or
less than 10 f5 [10,11]. Then, the nonlinear electric polarization can be obtained by

P (x,0) = £, B[ E() )
where z{) is the third-order electric susceptibility. In our simulation, we assume that the

first and third-order electric susceptibilities are constant. In this model, the self-induced
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refractive index gradients grow linearly with the laser intensity, n = ng+no€ |E|z/2 = fgtiy I,

where ny, n,, and I are the linear refractive index, nonlinear refractive index, and laser beam
intensity, respectively. Finally, the electric field in the nonlinear Kerr material is assumed to
be as follows [8,10,111:

D)
&1+ 2" + 2PEO)

where 2V is are the first-order electric susceptibility

In each iteration step of the FDTD method, the latest value of E can be calculated from
the latest value of D and the old value of E. Therefore, Eq. (3) gives us a complete
description of the computational FDTD model for the Kerr nonlinearity. Since the electric
field components (E,, E,, E,) are separated spatially by Yee algorithm in the 3D FDTD
method [15], in addition, the electric fields are interpolated on the grid for the calculation of

[E@)|" in Eq. (3).

For FDTD simulations, it is also assumed that the nonlinear Kerr thin film is deposited on
a glass substrate and the linearly-polarized CW laser light of wavelength {4,) 632.8 nm is
incident on the film after passing through the grass substrate. In addition, it is assumed that
the incident light of radius 1 /& m has a Gaussian intensity distribution and the refractive

index (ng) and the nonlinear refractive index (n,) of the film are 2.61 and 4x10m%/W (x® =
9.244x102" m?/¥?), respectively. Therefore, in our configuration the average intensity of a
Gaussian beam produced from a 5 mW laser provides approximately In.. = power / 27 (beam
radius)’ = 0.796x10° (W/m?), giving the effective refractive index and wavelength of 7&= g
+ 1y Ive = 2.928 and A = Ag/neg = 216 nm, respectively. With all these assumptions, the
near-field intensity distributions at the film surface are calculated as functions of total power
of the incident beam and film thickness by using the 3D FDTD method.

Figure 1 shows the temporal dynamics of the near-field intensity distribution at the film
surface for a time period of 2 picoseconds. The stabilization process of the filamentation in a
nonlinear Kerr film is clearly revealed. When the intense light is incident on the film surface,
one can expect that the two time-dependent elements, originating from the change of the
refractive index and the momentum vector of focused beam, produce much more complex
features compared to bulk materials because of the multiple reflections on both sides of the
nonlinear film. As can be seen in Fig. 1, however, it is found that the near-field intensity
distribution at the film surface reaches a stable state at around 300 femtoseconds after the
beam incidence. In addition, our simulations show that the time to reach a stable filament
formation is quite sensitive to the film thickness, beam power, and wavelength, strongly
ndicating that nonlinear Fabry-Perot interference is playing a significant role in the Kerr film.

In order to check the existence of multiple interference effects in the Kerr film, we
compare the FDTD simulation result of the thin film with that of the bulk medium. We
calculate the intensity distribution in the bulk medium after the same propagation distance
without reflections from the second boundary, as shown in Fig. 2. It is clearly found that
multiple filamentation does not appear in the nonlinear Kerr bulk mediumn in contrast to the
case of the thin film.

E@) = &)
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Fig. 1. Temporal dynamics of intensity distribution at 336nm-thick film surface obtained by -
3D FDTD method.

Fig. 2. Intensity distribution in a nonlinear Kerr bulk medium after propagating 336nm from

the surface.
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Figure 3 displays the intensity distribution at the film surface after the beam from the 5.0
mMW laser passes through films of various thicknesses, where the direction of polarization is
along the vertical axis. The results show that the self-focusing effect is maximized for films
of thickness 0.54,5; 14,5 1.54,5 and 24, Note that the electric fields in the film can be
maximized due to the nonlinear Fabry-Perot interference. As shown in Fig. 3, the near-field
intensity distribution of 1.54,;and 24, thick films display beam breakups into two filaments
of sub-diffraction-limited spot sizes, while others do not show filamentations clearly. This
strongly suggests that filamentation is dominantly determined by the condition of the
nonlinear Fabry-Perot interference. In addition, we found that the film of 0.54,5 and 14,4
thickness do not generate the filamentation, indicating the existence of a threshold thickness
for the filamentation.

2e€ -le-§ [ 1e6 2e£ 206 -l06 [] le6 2e¢b

268 -lef 0 1e-8  Ze§ 28 -ieb ] fe§ 208

Fig. 3. Near-field intensity distribution of film with various thickness obtained by 3D FDTD

method.
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Figure 4 displays the near-field intensity distribution of the 1.5, thick film for four
different laser beam powers. When the beam power increases, the number of filaments due to
the beam breakup dramatically grows because of the increase of the effective thickness of the
film with increasing intensity. Note that the nonlinear refractive index is proportional to the
incident beam power. Much more complicated multiple filamentations are produced for
higher input intensities, indicating that the nonlinear Fabry-Perot resonance condition is quite
sensitive to the effective film thickness.

Recently, multiple filamentation in bulk media has been known to be induced not only by
random noise in the input beam but also by beam polarization [8]. Due to the gradient of the
nonlinear refractive-index in the film of sub-wavelength thickness, the momentum vector of
the incident beam is deflected toward the center of the Gaussian beam. The beams which are
deflected to the direction parallel to the polarization of the input beam and to the direction
perpendicular to the polarization have different reflection conditions. Therefore, by the
oblique incidence of a linearly-polarized beam due to focusing, the polarization-dependent
symmetry breaking can be occurred even when the input beam is radially symmetric.

g P=4mW P=5mW

208

16

-te-8

296

Fig. 4. Near-field intensity distribution of a nonlinear Kerr film for various beam powers
obtained by 3D FDTD method.

3. Conclusion

In conclusion, we analyze the self-focusing phenomenon of nonlinear Kerr film for several
configurations using the FDTD method. The temporal dynamics and the near-field intensity
distributions of multiple filamentation in various film thicknesses and input beam powers are
investigated theoretically. In particular, we demonstrate that linearly polarized beams can
lead to multiple filamentation in nonlinear Kerr film, where filaments are narrowed below the
diffraction-limit. We also find that filamentation in film is very sensitive to the nonlinear film
thickness and the laser beam power, strongly indicating nonlinear Fabry-Parot interference
effects on nonlinear Kerr films. Our simulations of filamentation in the nonlinear Kerr film in
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the near field region can be applied to optical storage and near field devices, which require a
detailed intensity distribution of a sub-diffraction limited spot size.
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Abstract: We investigated the characteristics of the near- and far-field
regions of the interference for mano-metallic double-slits using a two-
dimensional finite-difference time-domain (FDTD) method. We have found
that the patterns in the near-field region have a phase difference of x with
respect to those in the far-field region. A boundary, which separates the
interference patterns of the two regions exists as a half circle and grows as
the distance between the two slits increase. It is also found that evanescent
waves can be enhanced and confined by coating the double-slit with a
dielectric cladding.
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1. Introduction

The analysis of light transmission through a slit with a subwavelength width in a thin plate has
started in early days, dating back to Lord Rayleigh [1,2]. Recently, Ebbesen ef al. observed
exiraordinary optical transmission throngh sub-wavelength hole arrays [3]. Because of these
unexpected demonstrations, light propagations in periodic arrays of nano-slits and npano-
apertures have received much attention due to their extraordinary behavior and potential
applications in biologic and photonic devices {4-10]. In addition to the researches on the
periodic arrays, a few studies on single nano-slit have also been performed [11-14].

To our best knowledge, however, there has not been an intensive study on the near-field
properties of nano-metallic double-slit, specifically on the interference of evanescent waves in
the near-field region. Considering that interference patterns of a double-slit in the far-field
region is distinct from diffraction pattems of single and periodic slits, mterference patterns of
a double-slit in the near-field region is expected to be salient. A few authors have already
studied interference of evamescent waves or surface plasmons. Bainier ef al. reported the
interaction of an evanescent standing wave with nanometer-sized objects [15] and Novotny et
al. investigated surface plasmon interactions on a finite silver layer {16]. However, the
interference of evanescent waves in nano-metallic double-slit has not been reported. In this
letter, therefore, we present the characteristics of nano-metallic double-slit in near- and far-
field regions using two-dimensional finite-difference time-domain (FDTD) method. With this
analysis, we have distinguished several differences between the two interference patterns of
nano-metallic double-slit in the near- and far-field region. We believe that the differences
originate from the fact that evanescent waves are dominant in the near-field region whereas
propagating waves are dominant in the far-field region.

Glass j

Propagation
direction

Dielectric

A 4

Light
source

! !

Fig.1. Schematics of modeled space of a nano-metallic double-slit. Soft source is used for the
illumination.

Figure 1 shows the modeled space of a nano-metallic double-slit. The PEC in the figure

describes a material whose electric conductivity is infinite, where the initials stand for the
perfect electric conductor, ie., a perfect metal. The nano-metallic slit is assumed to be
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composed of perfect metal and illuminated by a Gaussian beam of X = 500 nm. Perfect metal
means that both skin depth and the amplitude of electric field are zero at the metal surface. In
addition to the analysis of nano-metallic double-slit with no cladding, the slit with a dielectric
cladding was also analyzed to assure the possibility that evanescent waves can be ephanced
and confined with the dielectric cladding. Besides, numerous simulations were performed
varying the distance between the two slits, the slit thickness, and the thickness of the dielectric
cladding, i.e., the values of d, ¢, I. It is assumed that the width of both slits, i.e., the value of a,
is 50 nm and the refractive index of the glass substrate and the dielectric cladding is 1.5. The
origin of the modeled space is the center of the double-slit on the line just one sampling point
right from the metal/air interface, as shown in Fig. 1. ‘

2. Field distribution due to polarization direction

When both the structure to be modeled and the incident wave are uniform in the z-direction,
we can split Maxwell’s curl equations into two groups. One group cousists of only H,, H,,
and E,, and the other only E,, £,, and H,. The field components of the first group are called
transverse-magnetic modes with respect to z (TM,) in two dimensions and the other transverse
electric modes with respect to z (TE,) [17]. We can notice that the polarization of incident
light in the TM, mode is normal to the plane, i.e., x-y plane and that the TE, mode is parallel
to the plane. With the assumption of uniformity in the z-direction, therefore, we can calculate
the near- and far-field properties of nano-metallic double-slits using two-dimensional FDTD
simulation for two polarization directions. There are a few differences between the TM,
modes and the TE, modes for the different polarization direction. The first is the difference of
transmission. For the TM, modes, because electric field is tangential to the metal surface in
the slit, light cannot transmit through the slit unless the slit is thin enough. Therefore,
fransmission decreases exponentially as the thickness of the slit increases. For TE, modes,
however, high transmission can be acquired since light can be guided well by metal-slits.

Another difference is the position and shape of the peak at the exits of the two slits, as
shown in Fig. 2, which shows the intensity distribution in the region after the slit/air interface
for the TM; and TE, modes. In the result for the TM, mode, light is confined to the middle of
the slit since the amplitude of electric field is diminished to approximately zero in the region
near the metal surface. For the TE, mode, however, we can see that two sharp peaks appear at
the edges of slits. This is due to the fact that light propagates via metal surface at the edges,
and not between the slits. This result is consistent with the result of Wei ef al. [11].

In Figs. 2(c) and (d), we can see that the double-slit forms interference fringes in the near-
field region as well as in the far-field region and the interval between fringe maxima is half of
wavelength as expected. The interference pattem is also different for the two modes.
Interestingly, in the near-field region, nterference patterns of TE, modes seem to have a phase
difference of = with respect to that in far-field region. We can easily discern the phase
difference from the different line profiles of Fig. 2(d). The dashed line, i.e., the intensity
profile in the near-field region, reaches a valley at the center while the intensity of the far-field
reaches a peak at that point. From the difference, we can say that the two interference patterns
in near- and far-field regions have phase difference of 7 for TE, modes. In addition, the
imtensity variation of the near-field interference pattern is greater than that of the far-field
interference pattern. In contrast to TE, modes, it is hard to find any distinct difference
between near- and far-field interference patterns for TM, modes. Actually, it is even difficult
to identify near-field interference for TM, modes. From these results, we can conclude that
the interference patterns of TE, modes change their characteristics as light propagates from
the near-field region to the far-field region. The differences of the interference patterns in
near- and far-field regions will be further discussed in the next section. Since, the distinction
appears only for TE, modes, we will discuss the resuits of TE, modes simulation from now on.
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Fig. 2. Intensity distribution of the two-dimensional simulation when the slit width is a =
50nm and slit thickness is { = 20 nm. (a) Shaded display of TM, mode intensity distribution
when the distance between two slits; d = 1um, (b) Line profile of (a). (c) Shaded display of TE,
mode intensity distribution when the distance between two slits is = 1pm. (d) Line profile of
{c). Solid line represents the line profile just above the metal/air interface, dashed line is the
line profile of x = 50 nm, and dotted line represents the line profile of x = 1um. The insets of
(b) and (d) are the magnifications of dotted and dashed line profiles.

3. Interference of nano-metallic double-slits in near- and far-field regions

In the far-field region, propagating waves generate interference patterns. In the near-field
region, however, interference pattems are principally shaped by evanescent waves since
evanescent waves are stronger than propagating waves in near-field region. Therefore,
interference patterns may have different characteristics from that of the far-field region.
Figure 3 shows other displays for the results of Figs. 2(c) and (d), featuring the differences
between two interference patterns in near- and far-field regions. As expected, in the far-field
region, constructive interference occurs at the line of y = 0, which is illustrated in Fig. 3(d). In
contrast to the interference pattern of the far-field region, that of the near-field region is
destructive at the points of equal distance from two slits. As pointed out above, we believe
that the difference is originated from the fact that the evanescent wave, appearing as an
electric field normal to the metal/air interface, is dominant in the near-field region and out of
phase at the exits of two slits whereas the propagating wave is dominant in the far-field region
and in phase at the exits.
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Fig. 3. Interference patterns in near-field and far-field regions whend = lpm and % = 620 nm:
(a) Intensity distribution from the entrance of the two slits, (b) Magnified intensity distribution
of the region between the two slits after the metal/air interface, (c) contour display of (b), (d)
far-field interference pattern.

Because both waves in the near- and far-field regions emanate from the same slits, it
seems to be inconsistent with the fact that the electric field at the exits of the two slits is out-
of-phase in one region, while they are in phase in another. However, considering the
superposition principle of electromagnetic waves and the fact that evanescent waves do not
propagate to the far-field region, this paradox can be easily explained. If there are mixtures of
two modes at the exits of double-slit, one corresponding to the evanescent wave, having phase
difference at the exits of slits and appearing as an x component of the electric field, and the
other a propagating wave with no phase difference, appearing as a y component, the
difference between near- and far-field interferences will arise.

Figure 4 confirms this explanation. The x component of the electric field distribution at
the slit edges appears anti-symmetric about the center of the double-slit whereas the y
compounent is symmetric. Evanescent waves are assumed to be induced by E,, the x-
component of the electric field, at the slit exits since the x-axis is normal to the metal/air
interface, and the propagating waves have the same polarization direction at the exit of slit as
the incident waves, i.e., the direction of y-axis. We think that the phase difference originates
from the fact that charge oscillations in the region between the two slits give opposite effects
to each slit. Considering the differences between interference patterns in both regions, it is
legitimate to say that the interference patterns evolve from the near-field region, where
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destructive interference occurs at the places where distances from the two slits are equal, to
the far-field region, where constructive interference occurs.
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Fig. 4. Electric field distribution when d= 1um and / = 200 nm: (2) amplitude distribution of Ex
(x component of electric field), (b) line profile of (a) at the metalair interface, (c} E,
distribution, and (d) line profile of (¢).

In the case of a nano-metallic single-slit, the intensity distribution decays exponentially in
the lateral direction as well as the longitudinal direction as light propagates. In a nano-metallic
double-slit, however, the intensity distribution in the region between the two slits appears as
standing waves. It is also found that the interval of nodes is half of the wavelength i. We
suppose that the intensified standing wave in the region between the two slits is also obtained
with the help of evanescent waves, whose intensity in the near-field region is much greater
than that of propagating waves in the far-field region.

The interference pattern varies as the distance d between two slits increases. Figure 5
shows the results of simulation with various values of ¢. When d < A, the interference fringe in
the near- and far-field regions is not clear. As d grows to be greater than A, clear interference
patterns emerge. Considering that two point sources cannot be easily identified as two
separate light sources when the distance between them is smaller than a wavelength, this
phenomenon may be easily explained. Since the two slits act as a single light source at the far-
field region, no interference pattern is constructed in that region. Similarly, it is bard to
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observe clear fringes in the near-field region because two or more distinct sources are required
to shape clear fringes. It would be better to explain the phenomenon with diffraction when d <
A as follows.
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Fig. 5. Intepsity distribution with various distances between two slits: {a) 4 = 250 nm,
(b) d = 2 pm, (c) magnified display of the region between two slits when d = 2 pm, and
(d) magnified display of the region between two slits when d = 5 pm.

Because near-field interference patterns have phase differences of = from far-field
interference patterns, there should be a boundary that separates the interference patterns of the
near-field region from that of the far-field region. In Figs. 5(c) and (d), we can easily discern
the boundary circle that separates the two interference patterns. We can also see that the
radius of the circle increases linearly as the distance between two slits increase. Specifically,
the distance from the center of the double slit to the boundary circle equals to a half of the
distance d between the two slits. Because light decays as it propagates along the metal/air
interface in real metal, the assumption of perfect metal is necessary for these ideal results.
However, we expect that the difference between interference patterns in both regions will
affect the field distribution in the case of real metals.

We can shift the near-field interference pattern as well as the far-field mterference pattern
by filling the slits with different dielectric materials. For example, a constructive interference
pattern will be obtained at the center of the double-slit when the slit thickness is half of the
wavelength and one of the slits is filled with SizsNs whose refractive index is 2. Figures 6(a)
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and (b) show examples of constructive interference. Figures 6(c) and (d) illustrate other
results corresponding to interference of three slits and interference between slits of different
widths, respectively. With the simulation where three slits are employed, we can see that each
of the two pairs of slits show independent and identical interference patterns, which is
equivalent to that of the double-slit. The intensity difference of the peaks originates from the
employment of a Gaussian beam for the illumination. From Fig. 6(d), we can verify that the
destructive interference occurs at the center of the double-slit in spite of the different widths.

Intansity {au)

Intensity {a.6)

Intensity a.u}

¥ (em) x em)

© @

Fig. 6. Interference patierns with various conditions are presented. (a) and (b) comrespond to the
results when one of the slits is filled with silicon nitride {n = 2) to introduce phase difference
resulting in & phase shift of z. (¢) Interference pattern with three slits. (d) Interference between
slits of different widths.

4. Evanescent wave enhancement by dielectric cladding

If a dielectric cladding is added to the double slit, more evanescent waves will be guided
along the cladding/metal interface. Figure 7 shows interference patterns generated by the
nano-metallic double-slit with a dielectric cladding of refractive index 1.5. Comparing Figs.
5(c) and 7(b), we can easily verify the enhancement of evanescent waves. In addition,
evanescent waves decay more rapidly along the x-axis direction. In other words, evanescent
waves are confined more effectively to the cladding/air interface.
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Figure 8 shows the intensity distributions with various cladding thicknesses / when the
distance d between the two slits is 750 nm. The line profiles are obtained at the planes a few
nano-meters apart from the cladding/air interface because the height of line profile reaches its
peak at that position. In comparison with the case with no cladding, the interval between the
nodes of the standing wave decreases due to the increase of the refractive index. We can also
see that the intensity distribution at the cladding/air interface varies as the cladding thickness
is changed. When the cladding is too thin, little enbancement occurs. However, as the
cladding thickness / increases, evanescent waves in the region between two slits grow stronger
while those outside this region decay exponentially identical to the case of no cladding. The
enhancement of the evanescent waves in this region continues until / is approximately 50 nm.
As I grows to be greater than 50 nm, the intensity distribution in the outer regions between the
slits becomes stronger. When [ is 100 nm, the height of the intensity distribution in the outside
regions equals to that in the region between the two slits, as shown in Fig. 5(c). The intensity
distribution reduces as the slit thickness grows to be greater than 100 nm. With the results of
the simulations, we found that the intensity distribution in the region between the two slits is
maximally enhanced when / is approximately 50 nm, and approximately 100 nm for the case
of the outside region.

It can also be noticed that the interval between the nodes of the standing wave decreases
slightly as the thickness increases. Since the cladding can be considered as a waveguide, we
suppose that the change of the dominant spatial mode leads to the variation of the interval
between nodes. In other words, we suppose that waves propagate along the direction which is
more inclined to the x-axis as the cladding grows thicker.

5. Conclusion

The characteristics of nano-metallic double-slits, assuming a perfect metal, in both near and
far-field regions were analyzed. With the finite-difference time-domain (FDTD) simulation of
a nano-metallic double-slit, we can see that the interference patterns in the near-field region
have many characteristics different from those in the far-field region. Specifically, the
interference patterns in both regions have a phase difference of x with respect fo each other. In
addition, a boundary separating the mear-field interference from the far-field interference
appears as a half circle, whose radius is half of the distance between the two slits. We think
that this difference originates from the fact that the near-field interference is determined by
evanescent waves whereas in the far-field propagating waves are dominant. We also show that
filling the slits with different dielectric materials can shift fringes in the near-field region as
well as the far-field region. In addition, simulations for three slits and double slits of different
widths are also performed.

1t is also found that when a dielectric cladding is added to the double-slit, evanescent
waves are ephanced and confined more effectively to the cladding/air interface. As the
cladding grows thicker, the intensity distribution varies as in the following orders. 1) Intensity
in the region between two slits increases. 2) Light easily propagates laterally through the
cladding and the light intensity propagating to the outer region of the two slits becomes equal
to that of the region between the two slits. 3) Light propagation to the outside region becomes
weaker. We think that a resonator of evanescent waves can be constructed by placing a pair of
reflectors using the fact that light easily propagates laterally along the metal/cladding
interface.
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A physical model of an annular-aperture solid immersion lens (SIL) is proposed, and its attractive features
are presented numerically with the finite-difference time-.domain method. Placing an appropriate annular
aperture in front of the SIL shows that the focal depth can evidently be improved, combining the virtues

of the annular-aperture technique and the SIL technique.

With this proposed method the rigorous distance

control condition in related devices can be relaxed, preventing scratches or collisions between the optical head
and the recording medium. Potentially, this technique could bave great prospects for applications in optical
data recording, lithography, and other applications that depend on immersion media to meet the resolution
criteria across the image field. © 2004 Optical Society of America

OCIS codes: 220.2560, 210.4770, 000.4430, 120.3180, 050.1940.

The demand for higher-data-capacity storage grows
continuously, and in the case of optical data storage
this demand is met by a reduction of the optical beam
spot size. As an approach to minimizing the spot size,
an aplanatic sphere known as a solid immersion lens
(SIL), used in photon-tunneling microscopy' and optical
data storage,? was developed to increase the resolution
and areal density by means of increasing the numeri-
cal aperture (N.A.) above the theoretical upper limit of
1 obtained in air. In comparison with the near-field
microscopic recording technique,® this method provides
not only a satisfactory resolution but alse a high op-
tical efficiency and data rate. However, the reduced
focal spot of a SIL exists only in close proximity to
the SIL—air interface. Thus, to achieve high-density
data storage with a SIL, the recording medium must be

placed much less than 100 nm from the base of the SIL-

interface. However, it is difficult to maintain the dis-
tance between the SIL and the recording medium when
they are so close since both the optical head and the
recording medium can be easily damaged by scratches
or collisions. This is the main reason that application
of a SIL in data storage devices lacks practicality.

It is well known that the intensity distribution of
the focal spot of a lens can be optimized by an annular
aperture in the pupil plane.*® However, a SIL is es-
sentially an aplanatic immersion element rather than a
conventional lens, having its focal spot in the near-field
region of the SIL—air interface, where both the propa-
gating wave and the evanescent wave contribute to the
focused light. This makes an annular aperture SIL
much more complicated than a conventional annular-
aperture lens, and almost all the existing theories are
not valid for its analysis. Only a few analyses of the ef-
fect of an annular aperture on a SIL havebeen reported
so far to our knowledge. Tien et al.® discussed how the
readout-signal contrast decreases while the distance
between the SIL and the surface of the medium in-
creases, when the incident rays below the critical total
internal reflection angle are all blocked by a circu-
lar screen. Milster et al.” showed that the readout-
signal contrast can be improved by placing a pupil

0146-9592/04/151742-03$15.00/0

filter in front of the SIL. Contrary to these previ-
ous works, in this Letter we show that the focal depth
of a SIL can be improved by optimizing the interfer-
ence between the propagating waves and the evanes-
cent waves with an appropriate annular aperture in
front of the SIL. With this method, in particular, we
show that the distribution of the focused light is al-
most unchanged along a certain distance range in air,
relaxing the need for rigorous distance control to make
the SIL technique much more favorable for practical
applications.

In our physical model an annular-aperture mask
is placed in front of an objective lens as shown in
Fig. 1(a). The beam spot profile in the near-field
region of the SIL—air interface is numerically studied
by combining the vector diffraction method and the
three-dimensional (3D) finite-difference time-domain
(FDTD) method.®? It is assumed that the linearly
polarized light with a wavelength of 650 nm is focused
by an objective lens onto a SIL, where the electric
field is polarized in the x direction. The SIL is
hemispherical in shape, and its plane surface is placed
at z = 0, as displayed in Fig. 1(a). The plane surface
of the SIL is coated with a perfectly conducting metal
film, and an aperture with a diameter of D is located
in the center of the metal film. It is also assumed
that the N.A. of the objective lens is 0.65 and the
diffraction index of the SIL is 2.0. For the 3D FDTD
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(a) Schematic diagram of an annular-aperture
(b) Structure of the annular aperture.

Fig. 1.
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simulation the calculation of the intensity distribution
of the focal spot in air is divided into two steps. In
the first step we calculate the amplitude distribution
of the incident light in a plane just above the SIL-air
interface by computing the 3D vector diffraction
integral. Then the obtained amplitude distribution
is used as the incident wave for calculation of the
intensity distribution in the near-field region of the
SIL—~air interface with the 3D FDTD method.

Because of the high N.A. (= 0.65) of the optical head,
the scalar diffraction theory is not valid, and hence a
3D electromagnetic calculation is required. The inci-
dent aberration-free focused electric field E can be ex-
pressed as®

& 2w
E=C fo [0 (€, 7, O)fo(8, 6) (cos 6)¥2

X expl jRi(s*x + s¥y + s%z)Jsin 6d0de, (D)

where C is a constant, 6, is the maximum incident
angle, f5(6,¢) is the pupil function of the annular-
aperture mask,

s* =sin 6 cos ¢, s¥ =sin H sin ¢, s* =cos ¢,

2

and (¢, 7,{) are the vector components of the electric
field as follows':

& =cos ¢ + sin? ¢(1 — cos §)],
7 = {cos 6 — 1)sin ¢ cos ¢,
{=—sin¢cos ¢. 3

The structure of the annular-aperture mask is
shown in Fig. 1(b), in which the two black rings are
the opaque regions of the annular aperture, and
the central region introduces a phase retardation of
—ar. The calculated amplitude distribution in plane
P (300 nm above the plane surface) is used as the
incident wave to calculate the intensity distribution
in the near-field region of the SIL-air interface with
the 3D FDTD method. The FDTD simulation space
is divided into 120 X 120 X 150 cells. Each cell has
a volume of Ax, Ay, and Az, where Ax, Ay, and Az
are each 30 nm. In dealing with the sharp change in
the electromagnetic parameters at the interface, an
average value must be taken for the materials at both
sides of the interface.

Figure 2 shows the steady-state field distribution
of both the conventional SIL and an annular-aperture
SILin the xz section. Figure 2(a)is the field distribu-
tion of the annular-aperture SIL. In comparison with
Fig. 2(b), in which the intensity distribution of the com-
mon SIL is shown, the field distribution in Fig. 2(a)
shows a tiny peak that could be employed as a virtual
probe for data storage. Note that the focal depth of
the annular aperture is considerably longer than that
of the conventional SIL, and there is almost no increase
in the transverse width.

Figure 3(a) shows the normalized intensity distri-
butions of the central peak of Fig. 2(a) at different
distances from the SIL-air interface. For compari-
son, the intensity distribution of the central peak of
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a common SIL at a plane 50 nm from the interface is
also shown in Fig. 3(a) as a solid curve. Figure 3(b)
displays the FWHMSs of the central peak of the com-
mon SIL and the annular-aperture SIL as a dashed
curve and solid curve, respectively. It is found that
the FWHM of our annular-aperture SIL remains al-
most constant at ~300 nm in the range 0—-1000 nm
from the interface. On the other hand, the FWHM
of the central peak of a common SIL inereases rapidly
with the distance from the interface.

Figure 4(a) shows the intensity distributions of
the central peaks of a common SIL and our annular-
aperture SIL versus distance from the interface along
the z axis with a dotted curve and a dashed curve, re-
spectively. ‘1tisfound that the intensity of an annular-
aperture SIL is still much stronger than that of a
common SIL in the range from 150 to 1000 nm, even
though some of the light is blocked by the annular
aperture (see Fig. 1). Therefore the annular-aperture
technique not only enhances the focal depth of the SIL
but alse strengthens the intensity of the focal spot.

Fig. 2. Intensity distributions in the xz plane of (a) an
annular-aperture SIL and (b) a conventional SIL.
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Fig. 3. (a) Intensity distributions at different distances
from the SIL—air interface. (b) FWHM of the central peak
versus distance from the SIL—air interface.
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Fig. 4. (a) Intensity of the central peak versus distance

from the SIL—air interface. (b) Intensity distribution at
a plane 700 nm from the SIL—air interface.
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For practical optical data devices this can provide a
relaxed distance control condition and an improved
optical efficiency and data rate. The intensity dis-
tribution of the central peak of the annular-aperture
SIL in the xy plane at a distance of 700 nm from the
interface is shown in Fig. 4(b). The FWHM of the
central peak is approximately 0.48A, and the intensity
of the sidelobes is much smaller than that of the
central peak. This indicates that the distribution of
the focal spot can also be suitable for practical data
storage at this distance.

In our numerical calculations the incident field in
plane P of Fig. 1(a) does not include the errar, since
Eg. (1) is a rigorous equation without any approxima-
tions. In the second step of the FDTD simulation the
error is considered to be dependent on the size of each
cell in the simulation space and the time interval. In
our calculation the size of the cell is only approximately
1/22 of a wavelength, and the time interval is ap-
prozimately 7/110 (T is the time period of the light).
According to related FDTD theory,! the error in our
calculation is estimated to be much less than 2%.

Generally speaking, Eq. (1) is not valid for a practi-
cal SIL because of the diffraction of the incident light
on its imperfect surface. But ifthe deviation ofa prac-
tical SIL surface from its ideal surface is much smaller
than the wavelength, Eq. (1) is still valid under the
Kirchhoff approximation. In this case the fo(#, ) in
Eq. (1) must be replaced by

(8, ) = fol6, §)f'(6, &), 4

where f/(8, ¢) = expli2={d(8, ¢)/A]} and d(9, ¢) is the
deviation of the practical radius of the SIL from the
theoretical radius. Then Eq. (1) can be rewritten as

8 2@
E=C f (&, 1, Ofo(8, ¢) (cos O)V2F(8, ¢)
o] o]

X exp| jki(s*x + 8%y + s°2)Jsin 9d6de.  (B)

This can be transformed as
= [ [ m 0600, )os0)
X expl jki(s*x + ¥y + s%z)]sin 6d@d¢
® fo : [D " 16, plexpl k(s + 7y + 572)]

X sin §d0d¢ = E ® B, (6)

where ® is the convolution operator. In Eg. (6) field
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E' (of the imperfect SIL) is the convolution between
field E (of the ideal SIL) and error field E*™**. How-
ever, it has been demonstrated above that the conven-
tional ideal SIL and the annular-aperture ideal SIL
have almost the same transverse distribution widths
(see Figs.2 and 3). Hence, according to convolution
theory, it can be concluded from Eq. (6) that the an-
nular aperture does not increase the sensitivity of the
focused spot diameter when defects exist on the SIL
surface.

In summary, a physical model of an annular-
aperture SIL has been proposed to increase the focal
depth of a SIL in air. In this technique the resolution
is enhanced by the high-index SIL, and the depth of
focus is enhanced by the annular aperture. With this
method the FWHM of the central peak of the focal
spot remains constant regardless of distance from the
interface within a certain range. The prolonged focal
spot also has a stronger intensity distribution than
that of a commen SIL. Thus the annular-aperture
SIL can relax the rigorous distance control condition
as well as improve its optical efficiency and data
rate for related optical devices. The results amply
demonstrate that this technique can be applied for
fields in optical storage, nanolithography, and optical
manipulation.

This research was supported by the Ministry of Sci-
ence and Technology through the National Research
Laboratory Program (contract M1-0203-00-0082). L.
Cheng’s e-mail address is liucheng@phya.yonsei.ac.kr.
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Symmetric and Asymmetric Resonance Characteristics of a Tuning Fork
for Shear-Force Detection

Jae-Hoon LEE, Jang-Hoon Y00, Sang-Youp YIM and Seung-Han PARK*
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The frequency response of a tuning fork intended for shear-force detection on a near-field scanning
optical microscopy (NSOM) system has been investigated. In particular, a simplified model based
on a coupled harmonic oscillator is presented to qualitatively describe the experimentally observed
symmetric and asymmetric resonance behaviors of the tuning fork. We find that the elastic terms
of the frequency response can produce a pinning down effect on one side of the main peak, resulting
in a suppression of the background noise with a high Q-factor.

PACS numbers: 07.79.Fc, 68.37.Uv

Keywords: Tuning fork, Resonance characteristics, Q-factor, Near-field scanning optical microscopy

L. INTRODUCTION

Near-field scanning optical microscopy (NSOM) is
widely utilized for scanning the optical characteristics
of sub-micron structures with resolutions better than
the classical diffraction limit [1-3]. The basic concept
of NSOM is to observe evanescent waves generated at
a miniscule aperture, where the spatial resolution of
NSOM is limited by the aperture size of the probe and
its distance from the sample [2]. Specifically, evanes-
cent waves can be achieved by placing an aperture with
dimensions smaller than the wavelength at distances of
from the surface of the sample. A number of methods,
such as electron tunneling {1}, frustrated total internal
reflection [4], atomic force probing [5,6], and shear-force
distance control [7-10], have been reported for accurate
regulation of the surface-to-sample distance in order to
scan an uneven surface. Vibrating a tapered optical fiber
probe using a mechanical dither and detecting the shear-
force feedback signal between the probe tip and the sam-
ple through a quartz tuning fork is one of the most com-
monly used methods up to date [9]. When a shear-force
is experienced between the tip and the sample surface,
the resonance peak of the tuning fork shifts to higher
frequency, resulting in a decrease in the signal ampli-
tude [11-13]. Using this method, we can take advantage
of the ability to simultaneocusly obtain both the shear
force topological image and the near-field optical image
for a given sample.

In general, the shear-force detection system of NSOM
consists of a tapered fiber-tip probe with a 50 ~ 200 nm

*E-mail: shpark@phya.yonsei.ac.kr;
Tel: +82-2-2123-2617; Fax: +82-2-392-3374

aperture, a commercial quartz tuning fork with a reso-
nance frequency of 32,768 Hz, and a dithering PZT with
its resonance frequency near 40 kHz. The fiber probe is
glued along one of the prongs of the tuning fork, and the
opposite side is mounted onto the dithering PZT. Under
such circumstances, the tuning fork and the fiber probe
system is likely to have more than one vibration mode.
By obtaining the frequency response of the shear-force
detection system, not only around the region of reso-
nance (~32,768 Hz) but also along a larger inclusive span
{10,000 ~ 50,000 Hz), we can find many more subsidiary
peaks [14]. In order to get certain resonance characteris-
tics desired for high resolution, we should consider many
subtle details, such as the mounting conditions and the
mounting positions of the tuning fork on the dithering
PZT, as well as the shape of the dithering PZT. Un-
der different conditions, it is common to observe many
different kinds of resonance curves with different noise
amplitudes, quality factors, and curve shapes. Since a
resonance peak with a high quality factor, @, and a high
signal-to-noise ratio is essential for good resolution dur-
ing the scanning process, it is quite important to un-
derstand the origin of these diverse frequency responses
of the shear-force detection system. In this paper, we
present a simplified model based on a coupled harmonic
oscillator. This model can qualitatively describe the ex-
perimentally observed symmetric and asymmetric reso-
nance behaviors of the tuning fork.

II. EXPERIMENTS

Figure 1(a) shows nearly symmetric frequency reso-
nance curves of the tuning fork and the fiber probe sys-
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Fig. 1. Measured frequency response curves of a tuning
fork for three different dithering voltages: (a) symmetric and
{b) & (c) asymmetric responses. For the asymmetric re-
sponses, the background noise signal drops to nearly zero
either on the low-frequency side (b) or on the high-frequency
side (c¢) around the peak maximum.

tem. Those curves were measured at three different

!

dithering voltages. In some cases, however, asymmet-
ric resonance peaks having relatively steeper slopes with
noise amplitudes suppressed nearly to zero at the base of
one side of the peak are found. Figures 1(b) and 1(c) dis-
play the measured asymmetric frequency responses and
show that the background noise signals drop to nearly
zero on the low-frequency and the high-frequency sides
of the peak, respectively. Note that the asymmetric fre-
quency response curves shows higher Q-factors than the
symmetric response curve..

Through these experiments, we found that two peaks
were relatively larger than the other peaks, suggesting
that a simplified approximation to the shear-force detec-
tion system might be a two-degree-of-freedom coupled
oscillator with harmonic excitations. If the system is
considered to be a two-degree-of-freedom coupled oscil-
lator, the coupled equation of motion in matrix form can
be written as

Mz(t) + Cz(t) + dz(t) = F(t) (1)

Assuming the excitation force to be harmonic, we may
express the force, the steady-state response, the effective-
mass, the damping-constant, and the stiffness matrices
as

F(t) = Foe™t, z = X(iw)e™?,
_ my 0 - m1I‘1 0
M—(O 'mz)’ C—( 0 szz)’

K= k+K K
- ~K ka+K )’

where Fp is a constant-amplitude vector and X (iw) is a
complex vector that depends on the driving frequency w.
The solution of Eq. (1) can be expressed by using two
resonance terms {15] :

(—w?my + iwmyle + ky + K)Fy + KFy

X1(iw) =

(—w?my + dwm T + & + K){(~w?mg + iwmel's + kg + K) — K?
KF; + (—w2m1 +iwmq Ty +ky + K)FQ

Xa(iw) =

For the observed resonance signal, we may define the
superposed frequency response function as X(iw) =
Xi{iw) + Xa(iw) and the magnitude of the frequency
response as

1X (iw)| = [X (tw) X (iw)]?
= {[ReX (iw)]* + ImX (iw)]*} * 3)

Assuming the tuning fork and the fiber-probe system
to vibrate in two independent directions, such as the z

(—~w?my + iwmy Ty + &y + K)(—w?mg + iwmal's + ky + K) — K2

(2)

o

and y directions [16], or using any other means to pro-
duce two coupled vibration modes, we may substitute
different resonance conditions, such as damping coeffi-
cients, stiffness constants, and mass values for our sim-
plified equation. By applying suitable values, we can
obtain two comparatively large peaks corresponding to
the experimental results. If we substitute different values
of the damping constants I'y and I', while choosing an
adequate coupling constant K, one of the peaks will be
substantially suppressed compared to the other, which
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Fig. 2. Simulated results of [ X (iw)| vs. driving frequency
for various values of k.

is the common case observed in our experiments. Thus,
by selecting suitable relative positions, oscillating forces,
and coupling constants of the two terms corresponding
to the suppressed resonance peak and the main peak,
we are able to produce special types of asymmetric res-
onance peaks identical to those observed.

Figure 2 shows the resonance curves for different val-
ues of k2. Here all other variables, including k;, are
fixed to values permitting an asymmetric frequency re-
sponse. As ko approaches k; = 100,000, the minimum
point frequency, i.e., the frequency of the point pinned
down by the elastic term, moves closer to the peak max-
imum which is independent of k;. The peak maximum
amplitude and the minimmum point amplitude also con-
verge closer to each other while they decrease and in-
crease, respectively. At a certain value of k2, when ks is
still smaller than k;, the minimmum point transfers to a
higher-frequency region relative to the peak maximum,
which dramatically changes the asymmetric shape of the
frequency response.

Figure 3 depicts the asymmetric resonance curves for
various coupling constants. The resonance curves show
symmetric behaviors centered on a node at 31,721.5 Hz,
which corresponds to a coupling constant, K, near 630.
As K is set farther from 630, the maximum amplitude
increases while the minimum decreases to nearly zero.
Thus, for an asymmetric frequency response, the cou-
pling constant should be situated in a region near the
node. However if it is too close to the node the peak
itself will be excessively suppressed. The region where
the resonance is pinned down is also sensitive to changes
in K near the node.

Figure 4 shows the resonance curves for different driv-
ing forces. F, was varied while F; was fixed at 4, and the
value of was set smaller than 630. When Fy/F) is smaller
than ~85, the minimum point is at a lower frequency
relative to the peak maximum and rapidly approaches
the peak maximum as Fy/F; approaches ~85. At this

- Jae-Hoon LEE et al. -457-

Driving Frequency (@) _

Fig. 3. Simulated results of | X {iw)| vs. driving frequency
for various values of the coupling constant K.
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Fig. 4. Simulated results of | X (iw)| vs. driving frequency
for various values of Fy.

time, the maximum amplitude linearly decreases while
the minimum amplitude slightly increases, presenting a
small signal-to-background ratio when F>/F; is near 85.
For values of Fy/F) larger than 85, the minimum point
transfers to a higher frequency relative to the peak maxi-
mum while the frequency of the minimum point increases
very slowly, seeming to converge to about 31,800 Hz, a
higher frequency relative to the peak maximum.
Figures 5(a), 5(b), and 5(c) are frequency response
curves obtained from simulations using the principles
discussed above. These figures mimick the experimental
data of Figures 1(a), 1(b), and 1(c), respectively. Since
the mounting conditions concerning the adhesive are very
subtle, making it almost impossible to attempt to calcu-
late each variable for each case, the actual values sub-
stituted in Figure 5 were chosen circumstantially in or-
der to replicate Figure 1. A roughly symmetric response
maay be acquired for the larger main peak, as in Figure
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Fig. 5. (a) ~ (c) Simulated results obtained by calculating
| X (tw)] with Eq. (3), qualitatively matching those of Figures
1(a} ~ (c), respectively.

5(a), if the term corresponding to the smaller peak is
driven by an oscillating force not large enough to have
a noticeable effect on the main peak. However, if the
oscillating force is substantial so as to have a noticeable
influence on the main peak, we can observe a rapid drop
in the resonance signal on one side of the main peak for
an adequate coupling constant K. The frequency where
the signal is suppressed pearly to zero is independent
of the applied dithering oscillation amplitude, yielding
steeper slopes for higher dithering voltages. This behav-
ior of the amplitude is due to the elastic term of the sup-
pressed peak, i.e., Re X, (iw), supposing that X;(iw)
is the suppressed term [17]. When Re X;(iw) has an
ample effect on X3(iw), the main peak shows a asym-
metric shape, strongly indicating that the proposed cou-
pled two-degree-of-freedom spring-mass system serves as
a good approximation to explain the different frequency
response curves observed experimentally.

However, the two-dimensional model can only accu-
rately simulate the resonance curve on a local scale. In
order to simulate the frequency response for a global fre-
quency range, we need to add many more terms. This
idea is supported by the fact that as we increase the
voltage applied to the dithering PZT, we are able to see
many more peaks which are hidden by the background

signal when higher voltages are applied, indicating the
existence of additional terms. These terms come from
different vibration modes of the tuning fork. One possi-
bility is the existence of a vibration mode along the per-
pendicular direction of the typical vibration mode. The
dithering PZT is vibrating not only along the direction
normal to its surface but also along the orthogonal direc-
tion. The fact that the tuning fork is a beam, instead of
a simple spring-mass system, may also be a cause since
beam vibrations have many harmonic modes and nonlin-
earities. Any such vibration modes with large damping
terms and - F/m factors may contribute to a drop on one
side of the main peak.

Practically, our interest is focused on the case where
the asymmetric resonance peak has a better Q-factor in
the lower frequency region with the noise amplitudes be-
ing greatly suppressed at its base. With such resonance
curves, we have found that it is easier to obtain higher
vertical and lateral resolution, which comes naturally
with high @Q-factors. We have tried to create and am-
plify such additional resonance terms by using a specially
shaped, such as a trapezoid, dithering PZT to induce
altered modes of the excitation force and by controlling
the amount of adhesive pasted onto the tuning fork. The
shape of the resonance curve also dependents on how far
in the tuning fork is placed on the dithering PZT, how
much adhesive is used, and what kinds of methods are
used to mount the tuning fork onto the dithering PZT,
which may contribute to determining the coupling con-
stant K.

The influence of the shear-force on the dynamic behav-
ior of the asymmetric frequency response has not been
discussed in this paper. Nevertheless, because the asym-
metric characteristics of the main peak, i.e., a suppressed
noise signal and a steep slope with a high Q-factor, are
nearly independent of the perturbed peak positions in
our simulations, a drastic deformation of the asymmet-
ric shape due to the shear force is not expected. On the
other hand, the properties of the phase signal may be
more complex when a shear-force exists. The dynamic
behavior of a tuning-fork shear-force feedback system for
an asymmetric frequency response is under examination.

III. CONCLUSION

In summary, we presented a simple two-degree-of-
freedom coupled harmonic oscillator model to explain
both the symmetric and the asymmetric frequency res-
onance behaviors of a tuning fork for shear-force de-
tection. In particular, we demonstrated that our two-
dimensional model can accurately reproduce the experi-
mentally observed resonance curves on a local scale. In
addition, we showed that the elastic terms of additional
peaks had the effect of pinning down one side of the main
peak so as to suppress the background noise and yield
high @-factors. An artificial perturbation, such as em-
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ploying a deformed dithering PZT, was also suggested as
a way to induce an acute slope for the lower-frequency
region relative to the main peak for purposes of achieving
high-resolution NSOM images.
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Relative strength of the screened Coulomb interaction and phase-space filling on exciton
bleaching in multiple quantum well structures

Moongoo Choi, Koo-Chul Je, Sang-Youp Yim, and Seung-Han Park™*
National Research Laboratory of Nonlinear Optics, Yonsei University, Seoul 120-749, Korea
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We investigate the effect of resonantly excited excitons on the bleaching of n=1 and #=2 heavy-hole (hh)
exciton resonances in Gads multiple-quantum-well structures by using a pump-probe spectroscopic technique
at low temperature under quasi-stationary excitation conditions. In particular, we present direct observation of
long-range Coulomb screening by two-dimensional exciton-exciton interactions along with the unambiguous
discrimination of screened Coulomb interaction and phase-space filling on the #=1 hh exciton bleaching. In
addition, we find that the strength of long-range Coulomb screening on the n=1 hh exciton bleaching is only
two to three times weaker than that of the phase-space filling at 10 K.

DOI: 10.1103/PhysRevB.70.085309

Quantum confinement effects in semiconductor multiple
quantum wells (MQW?’s) enhance excitonic features, includ-
ing strong and well-resolved excitonic peaks in linear ab-
sorption even at room temperature.? With increasing densi-
ties of photo-generated free electrons and holes, the excitonic
absorption spectra are observed to be shifted, broadened, and
saturated due to the Pauli exclusion principle, the screening
of Coulomb interaction, band-gap renormalization, etc.>™
The exclusion principle, consisting of phase-space filling
(PSF) and exchange effects, is very short ranged compared to
the screened Coulomb interaction. Hereafter, we will denote
the PSF and exchange effects as PSF.

During the past decades, relative contribution of Coulomb
screening (CS) and PSF to the density-dependent exciton
bleaching in bulk and MQW structures have been intensively
investigated under various excitation conditions.6™13 Felren-
bach et al.® observed that the screening of excitons by sur-
rounding excitons is much weaker than that by free carriers
in bulk Gads. In GaAs MQW’s, Knox ef al” found that
resonantly generated excitons produce more absorption
bleaching than free-carrier pairs of equal densities at room
temperature. Recently, Becker ef al.® showed that the bleach-
ing effect of “cold” neutral excitons is stronger than that of
the same density of “cool” uncorrelated charged electron-
hole pairs in CdZnTe/ZnTe MQW’s. However, to our
knowledge, no experimental data on the long-range CS of
excitons by excitons in quasi-two-dimensional {(quasi-2D)
MQW’s have been available.

In this Letter, we report the first direct observation of
long-range CS by two-dimensional exciton-exciton mterac-
tions as well as unambiguous discrimination of CS and PSF
effects on the n=1 heavy-hole (hh) exciton bleaching at low
temperature (7=10 K). In particular, we measured the
changes of optical absorption for n=1 hh and n=2 bh exci-
ton resonances simultaneously in a Gads/4IGaAds MQW by
using a pump-probe spectroscopic technique under quasi-
stationary n=1 hh excitation conditions with a narrow-band
nano-second laser. We observed the absorption bleaching of
n=1 lih exciton resonance due to PSF and long-range CS, as
expected. Surprisingly, however, we were also able to ob-
serve that neutral excitons generated at n=1 hh induce the

1098-012172004/70(8)/085309(4)/$22.50

70 085309-1

PACS number(s): 78.67.De, 71.35.Cc

bleaching of excitons at a=2 bh, strongly indicating the
presence of long-range CS in the quasi-two-dimensional sys-
tem. We subtracted the variation of #=2 hh from that of »n
=1 hh in order to deduce the PSF effect on the n=1hh
bleaching since the n=1 hh absorption bleaching is caused
by both PSF and long-range CS. From the data we find that
the relative strength of the absorption bleaching effect by
PSF is only two to three times stronger than that of long-
rapge CS. It agrees well with estimates from our theoretical
calculation based on the muiti-band-semiconductor Bloch
equations.> M

Figure 1 shows the spectral shapes of the pump pulse, the
broadband probe pulse, and the absorbance, aL=—In{l,/I;),
of a Gads/AlGaAs MQW at 10 K. Here, I aud /, are inci-
dent and transmitted intensities, respectively. The sample
used in this study consists of 65 periods of 75 A GaAs wells
and 100 A Aly;,Gag¢eds barriers grown by molecular beam
epitaxy. The substrate was removed by selective etching over
part of the sample in order to allow transmission measure-
ments. The resulting sample had sufficiently good optical
quality in the vicinity of the excitonic peaks. The well-
defined #»=1 hh and n=2 hh exciton peaks were observed at
1.5684 eV and 1.6994 eV with line widths of ~2.7 meV and

T=10K

1hh

ABSORBANCE {alL)

_-pump spectrum

probe spectrum

1.56 1.60 1.64 1.68 1.72
ENERGY (eV)

FIG. 1. Linear absorption spectrum of Gads/AlGads MQW
structure at 10 K, including the spectral shapes of the pump and
probe pulses.

©2004 The American Physical Society
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FIG. 2. Low temperature differential transmission spectra mea-
sured at both n=1 hh and 2=2 bh excitons. The inset shows the
enlarged view of differential transmission spectra near the n=2 hh
excitons.

~7.8 meV, respectively. The peak around 1.587 eV corre-
sponds to the n=1 light-hole (Ih) exciton.

The experiments were performed using a quasi-stationary
pump and probe measurement technique. A Nd: YAG laser
pumped dye-laser system operating at #=1 hh exciton reso-
nance with a repetition rate of 10 Hz was employed for the
pump beam. The probe pulses with very low intensity spec-
trally cover both n=1 hh and n=2 hh exciton resonances, as
shown in Fig. 1. The pump pulses were ~5 ns in duration
and the probe focus was kept much smaller than the size of
the pump beam. A shutter synchronized with the laser pulse
was used to get a high signal-to-noise ratio and remove the
scattered laser beams. The transmission spectra with and
without the pump beam were monitored using an optical
multi-channel analyzer (OMA) with image sensing photodi-
ode arrays.

Figure 2 shows the low temperature differential transmis-
sion spectra (DTS) which are taken near both n=1 hh and
rn=2 hh exciton resonances. The DTS is defined as DTS
=(T-Ty)/T, where T is the probe transmission with the
pump present and 7T is the probe transmission without the
pump. The specira show induced transmission variations,
i.e., bleaching of various excitonic transitions. The peaks are
caused by variations of oscillator strengths of the excitons,
where the absolute value of the induced transmission be-
comes larger as the pump beam intensity increases. The DTS
around the n=1 hh excitonic resonance is positive, however,
the high energy side of n=1 bh is negative, which originates
from spectral overlapping of n=1 hh and »=11h reso-
nances. ;

In addition, we also observe absorption bleaching near the
n=2 hh excitons, as is depicted in the inset of Fig. 2. It is
worth noting that the wavelength of the pump beam is tuned
at the n=1 hh exciton resonance, the excited excitons are
created by the pump pulse with AFEp ., <1.0 meV (much
smaller than the n=1hh exciton hnewidth, AFE;,,
~2.7 meV).at 10 K, where the thermal-LO-phonon density
is ignorable, and the decay time of excitons is the order of
nanoseconds even at room temperature.’>'7 In order to mini-
mize the effect of spectral hole burning due to the inhomo-
geneous broadening, in addition, the DTS were measured by
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FIG. 3. The fractional change of exciton binding energy as a
function of relative decrease of exciton oscillator strength,

controlling the intensity of the pump beam to create the car-
rier densities of up to 1.4X 10! cm™ Since only the
ground-state excitons in the first subband are generated, the
n=2 hh excitons in the second sub-band are affected solely
by the long-range CS. In contrast to the n=1 hh exciton,
however, negative and positive DTS are obtained in the low
and high energy sides of the n=2 hh exciton, respectively.
This means that the n=2 hh excitonic absorption spectra are
red-shifted for increased exciton density. Therefore, the ex-
perimental observation clearly indicates the existence of
long-range CS effects in the quasi-2D systems.

There are mainly two many-body effects acting in oppo-
site directions of the peak shifts; an attractive inter-particle
interaction influenced by long-range CS and a repulsive in-
teraction by PSF, which contribute to red and blue shifts,
respectively.>>12 As mentioned above, the n=2 hh excitons
are only affected by an attractive long range CS, exhibited by
a red-shift of the n=2 hh exciton resonance. On the contrary,
the blue-shifted n=1 hh exciton resonance is affected by
both a repulsive PSF and an attractive long-range CS. These
two opposite effects lead to the net change of the n=1 hh
exciton resonance. The observed blue shift of the n=1 hh
excitions indicates that PSF is stronger than long-range CS in
a quasi-2D system. Note that both attractive and repulsive
interactions also produce a reduction of excitonic oscillator
strength. In summary, the long-range CS affects excitons of
all sub-bands, whereas the PSF effects are restricted to the
rn=1 hh excitons of the occupied sub-band.

Figure 3 displays the relation between the peak shift and
bleaching of the n=1 hh excitons due to PSF, which is given
by (AE/E,)=C(Afo/fo), >} where E; is a binding energy
of bare n=1 hh excitons and fj is its oscillator strength. The
magnitudes of Afy and AE are determined by Gaussian fit-
ting of nonlinear absorbance obtained by adding the DTS to
the linear absorbance in Fig. 1. In particular, for an accurate
comparison, we subtract the reduction ratio of oscillator
strength in the n=2 hh excitons due to long-range CS from
that of the n=1 hh excitons in order to eliminate the long
range CS effect in the DTS. In addition, the net blue-shift of
the n=1 hh excitons due to only PSF is extracted by com-
pensating the red-shift of the n=2 hh excitons due to long-
range CS with the observed blue-shift of the n=1 bh exci-
tons. As can be seen in Fig. 3, we find a good linear
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FIG. 4. Relative strength of PSF and CS on the n=1 hh exciton
bleaching for varous excitation densities. The dashed line corre-
sponds to the theoretical calculation.

correlation between the net fractional change of exciton
binding energy and Afy/f; for PSE. The coefficient C is ob-
tained to be 0.8, which is 1.6 times larger than the predicted
value. Nevertheless, it is comparable to previously reported
experimental vahies of 0.3~1.0.111% The coefficient C is
known to be close to zero for 3D systems, while for 2D
systems they bave nonzero values dependent upon their well
size 361118

The experimental data points in Fig. 4 show the ratio of
the contribution of PSF and CS on the n=1 hh exciton
bleaching for various excitation densities. It is found that the
bleaching rate is almost constant between 2 and 3 with in-
creasing carrier densities from 3X10¥cem™? to 1.4
X 10%! cm™2. In other words, bleaching due to PSF is nearly
unvaried with values at around 2—3 times larger than that
due to CS. In order to understand this behavior, we investi-
gated the relative strength of bleaching effects due to CS and
PSF theoretically by using the multi-band semiconductor
Bloch equations onto the lowest 1 s exciton state. The non-
linear optical response of a semiconductor up to the third-
order can be described by®

(— if—, - O—o>P(t) =—u E@) +bu EQIPOF

FoP@IPEP.
Here, {1, is the frequency of the exciton resonance, u its
transition dipole moment, E(f) the external laser field, and
P the interband polarization. Moreover, b=22; ¢()€)3 rep-
resents a nonlinearity induced by Pauli blocking and v
=23; V, (k- k) $(0* ¢(F')~ k) $(k')?] is a nonlincarity
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originating from the Coulomb interaction. ¢(1€) is assumed to

be a real wavefunction of the 1s exciton and k denotes the
momentum associated with the relative motion of electrons
and holes. The two terms, which determine v, are originated
from the field renormalization and the band-gap renormaliza-
tion in the full semiconductor Bloch equation. The screened
two-dimensional Coulomb potential is assumed to be

2me? 1

TS 1
el (F- )+« W

Vi~ k)=

treated statically using the plasmon-pole approximation. %%

The inverse of the screening length, x, is calculated self-
consistently “according to x*=(2me*/e V)2, [df,(k)/de],
where f,,(k) is the distribution function of the band index n,
and g, is the background dielectric constant. Within these
approximations the explicit form of the third-order response
is characterized by the ratio v/b, which determines the rela-
tive strength of the two sources of optical nonlinearity. We
have ignored the light-hole states in our theoretical consid-
eration. The calculated bleaching rate is shown in Fig. 4 as a
dotted line. As can be seen in the figure, the bleaching due to
PSF is estimated to be constant around 2 times larger than
that due to CS within the carrier concentration 2.0
% 10! em2.1* We find that the theoretical calculations agree
well with experimental results. However, the calculated
bleaching rate shows a rapid increase for very low densities.
This result is presumed to come from very small excitonic
bleaching of the n=2 hh peak due to CS in the very low
densities, in which our calculations are limited.

In conclusion, we have found that the n=2 kh exciton
resonance is consistently red-shifted by two-dimensional
exciton-exciton interactions in Gads/AlGads MQW’s under
quasi-stationary n=1 hh excitation conditions at low tem-
peratures. This confirms that the effect of the excited exci-
tons at #=1 hh on excitons at a=2 hh is primarily due to
long-range CS, which is not negligible in the quasi-2D sys-
tem. On the other hand, the n=1 hb exciton resonance is
blue-shifted by the competition of both repulsive PSF and
attractive long-range CS, which should be compensated. Af-
ter discriminating PSF and long-range CS effects in the n
=1 hh exciton bleaching, we find that the relative strength of
absorption bleaching due to long-range CS is only 2 to 3
times weaker than that of PSF. The theoretically calculated
value based on the multi-band semiconductor Bloch equa-
tions is in good agreement with our experimental results.
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Abstract: Resonance characteristics of a tuning fork are investigated to
enhance the shear-force detection sensitivity for near-field scanning optical
microscopy. In particular, we show that the asymmetric frequency response
of a tuning fork can be utilized to increase quality factors and suppress the
background feedback signal. The pioning down effect on one side of the
main peak can readily elevate vertical sensitivity and stability. A simplified
model based on a coupled barmonic oscillator is presented to describe the
asymmetric resonance behavior of the tuning fork. We also show improved
topographic images of a blue-ray disc and optical images of a chromium
pattern on the quartz using the asymmetric resonance.
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1. Introduction

Near-field scanning optical microscopes (NSOM) have been developed to get images of much
better resolution than that of the conventional diffraction-limited optical microscopes [1,2].
The NSOM often employs a tapered optical fiber as a probe to obtain near-field optical
signals as well as topographic images. The highest possible resolution of the NSOM is
achieved when the probe-to-surface separation is kept constant in the near-field regime over
the entire scanning process. Therefore, various distance reguiation schemes have been
proposed, including electron tunnelingfl], frustrate total internal reflection, atomic force
probing, and shear-force distance control[3,4]. To date, the shear-force detection technique is
widely adopted for the probe-to-surface distance control because of its simplicity, in which a
probe is vibrated parallel to a sample surface and its oscillating amplitude is measured {5-8].
A method to produce the probe oscillation and measure its amplitude is to utilize a tuning
fork with one prong attached to the tapered optical fiber and the other mounted on a dithering
piezoelectric transducer (PZT) plate. At resonance, the tuning fork generates an oscillating
piezoelectric signal proportional to the probe oscillation amplitude [5]. As the probe
approaches normally onto the sample surface, the oscillating piezoelectric signal decreases
since the resonance frequency is shifted to a higher frequency [6,7,9]. The shifting effects
indicate that the low frequency slope of the main resonance peak should be used as the shear-
force control signal. The resonance characteristics of the tuning fork play an important role to
determine the shear-force detection sensitivity for the probe-surface distance regulation. High
shear-force detection semsitivity requires a large quality factor O of the tuning fork since the

derivative of the smallest detectable force is proportional to Ja [8,10]. For a standard

proportional-integral closed loop configuration, electrical reduction of resonance background
noise without minimizing ( should also be provided to get better stability as well as fast
response [11]. However, since the feedback signal does not go to zero when the tip is in
contact with the surface, a calibration for the approach curve is not accurate and the distance
regulation signal becomes unstable. This problem always occurs such the techniques based on
quartz mode tuning forks including the tapping mode, because the resonance frequency is
shifted as the tip approaches the sample. Up to now, there are only few approaches to avoid
such problems [12,13}. In order to obtain certain resonance characteristics desired for high
resolution, we should consider many subtle details, such as the mounting conditions and the
mounting positions of the tuning fork on the dithering PZT, along with the shape of the
dithering PZT.

In this lefter, we investigate symmetric and asymmetric responses of the tuning fork to
enhance the shear-force detection sensitivity of the probe-sample distance-control for the
NSOM system. Particularly, we present substantial improvement of the shear-force detection
sensitivity utilizing the asymmetric resonance of a tuning fork. We show that the asymmetric
frequency response with a large quality factor 9 of > 2500 and a suppressed background

feedback signal can be generated by controlling the conditions on an edge-clipped dithering
PZT plate. The asymmetric system applied to the NSOM allows us to acquire nano-scale
surface images with a shear-force vertical stability of less than 2nm. A simplified model based
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on a coupled harmonic oscillator system is also presented to describe the asymmetric behavior
of the tuning fork.

2. Experiments

A schematic diagram of our NSOM is shown in Fig. 1. A commercially available metal-
coated tapered fiber-probe with an opening aperture of 100sm is glued along the side of one
prong of a tuning fork with a resonance frequency of 32,768 Hz. The piezoelectric signal
from the tuning fork is detected by a 1 M) Ioad resistor with a high-impedance pre-amplifier

(AD524) of 100 gain. This signal is fed into a lock-in amplifier (EG&G 7265) and a "fast
X" output from the lock-in amplifier is employed as an error signal for the feedback loop to
take advantage of its rapid phase-signal response. The distance control using the amplified
signal is achieved by a proportion and integration (P) feedback controller. The bandwidth of
our system was about 30Hz, which was measured by an actuator (Jena TRITOR 100)
oscillating the sample mtentionally. The distance between the tip and sample was positioned
by a piezoelectric tube which was calibrated using a Michelson interferometer.

XY Scan & Z control

Tuning Fotk & Probe Osciliafion Inpat
AN

Lock-in Amp

I
P controlier —

Sample

Qbjective Lens
Photo Detector

— ] / Niror

Fig. 1. Schematic diagram of the near field scanning optical microscope,

Figure 2(a) displays a typical symmetric response of the piezoelectric signal amplitude,
with a ¢ factor of ~1600 in our system. Raising the dithering voltage increases the off-
resonance feedback signal, which limits the shear-force vertical sensitivity. In order to
enhance the (J factor and locally suppress the feedback signal, as shown in Fig. 2(b), an

asymmetric frequency resonance is proposed by attaching a fiber-probe along to one (upper)
prong of the fumning fork and the other (lower) arm to the edge-clipped PZT plate. We found
that the symmetric Lorentzian response curve can be readily broken by artificial perturbation,
such as chipping off a piece of the comer of the PZT plate, and altering mounting conditions
of the tuning fork on the dithering plate and the fiber probe on the prong. Practically, our

interest is focused on the case where the asymmetric resonance peak has a better () -factor in
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the lower frequency region with off-resonance amplitudes greatly suppressed. With such
resonance curves, we have found that it is easier to obtam higher vertical and lateral
resolutions, yielding naturally higher () -factors. We have tried to create and amplify such
additional resonances by using a specially shaped, such as a trapezoid, dithering PZT to
induce altered modes with the excitation force, and also by controlling the amount of adhesive
pasted onto the tuning fork. The shape of the resonance curve is also dependent on where the
tuning fork is placed on the dithering PZT, how much adhesive is used, and what kinds of
methods are used to mount the tuning fork onto the dithering PZT.

6
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Fig. 2. The amplitude of the PZT signal measured as a function of driving frequency. (a) and (b)
show symmetric and asymmetric responses with damping, respectively. The driving voltage is varied
from 3mV 0 15mV. A relatively high Q-factor (2 2500) is achieved in the case of (b) compared to

(a), where the Q-factor is ~1600 and the background feedback signal is increased for higher dithering
voltages.

The breaking of the symmetric shape of the main resonance peak creates two or more
resonance peaks of the tuning fork {14]. In fact, as shown in Fig. 3, many more supplemental
peaks are observed when the voltage applied onto the dithering PZT plate is increased. The
largest peak is located at 32,760 Hz near the original resonance frequency, whereas the other
peaks are located at higher or lower frequencies. It is observed that a supplementary peak,
largely damped, is located around 4.2 k&z away from the main peak, as shown m Fig. 3.
Through a variety of experiments, such as breaking one of the prongs off, we find that the
uppex prong of tuning fork had a dominant effect on the main peak. As is expected, however,
resonance characteristics are also strongly dependent upon the mounting position of the tuning
fork on the dithering PZT plate. A large 0 (2 2500) of the tuning fork and tip assembly with
an almost completely suppressed off-resonance feedback signal can be obtained by gluing
approximately two millimeters of the lower prong of the tuning fork to the edge-clipped
dithering PZT plate. Here, Q is estimated to be two times of the half width at half maximum
of the tuning fork resonance peak in the low frequency side of the peak since the slope of low
frequency side is used for the tip-to-sample distance control. Note that the feedback signal at

#4390 - $15.00 US
(C) 2004 OSA

Received 29 July 2004; revised 7 September 2004; accepted 9 September 2004
20 September 2004 / Vol. 12, No. 19/ OPTICS EXPRESS 4470

- 114 -



the low frequency side, specifically at around 32,735 Hz , remains below 2.5% of the

amplitude of the resonance peak, even though the dithering voltage is increased. This strongly
indicates that the asymmetric frequency dependence of the output signal can enhance the Q-
factor and the detection sensitivity for the distance control process of shear-force modes. The
asymmetric frequency dependence with a pinning down effect at the higher frequency side
can also be used for the tapping mode NSOM system because for this case the resonance peak
is slightly shifted to the lower side when the probe approaches to the sample surface [15].

[
Q

...... —~0OSC 55mV Main mode;
~+-—-08C 5mV

N
e

Supplementary mode

Tuning fork signal(a.u.)

Oscillation frequency(Hz)

Fig. 3. Resonance response profiles measured as a function of driving frequency. The driving
voltage is varied from 5mV to 55mV. The main resonance peak is detected around 32,760 Hz

while a second peak is also detected near 28,540 Hz , respectively. Additional supplementary
modes are also apparent at higher frequencies than the main resonance frequency.

According to the experiments, the special shape of the PZT plate provides many more
subsidiary modes of vibration. We can observe many peaks not only around the region of
resonance {~32768 Hz ) but also along a larger inclusive span (10000~ 50000 Hz). In
particular, through repeated experiments, we have found that two peaks were observed to be
relatively larger than other peaks, suggesting a simplified approximation of the shear force
detection system as a 2 degres-of-freedom coupled oscillator with harmonic excitations.

3. Theoretical modeling
In order to understand the asymmetric resonance behavior of the tuning fork, therefore, we
introduce a coupled two-degree-of-freedom harmonic oscillator system, 7.e.,

M)+ Cx(t)+ Kx(1) = F(1) 6}

Here, the effective mass, the damping coefficients, and the stiffness matrices with a coupling

constant K can be written as p7 - m 0 C= mb, 0 K = k+K o -K )
0 m,/J 0 mI,/ -K K +K

Assuming a harmonic driving force, F(r) and x() can be written as

F(t) =F,exp(iawt) and x(r)= X (iw) exp(ict) , respectively, where F, is a constant
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vector and X(iw) is a complex vector depending on the driving frequency @. Then, the
solution of Eq. (1) is given by [16]

(~&’m, +iwm,T, +k, +K)F, +KF,

(-&’m, +iwmI, +k +K)(~w*m, +iom,T, +k, +K)- K> @
KF, + (-@'m, +iomI, +k +K)F,

(~@’m, +i@mI, +k +K)(~a’m, +iom,T, +k, +K) - K?

X.(w) =

X,(ia) =

with a superposed response function defined as X (iw) = X,(iw)+ X,(iw) . The

magnitude of the frequency response, which is actually the superposed electrical signal from
the quartz tuning fork, can be written by

X (o) =[x (o) X, (o)) = {[ReXs (o)} +[Im X, (o)] }’Vz ©)

Two resonance peaks are obtained when taking similar but slightly different mass and
stiffness values for the two terms X, and X,. If one of the peaks is substantially suppressed
by damping, a rapid drop of amplitude is observed in either higher or lower frequency regions
of the larger main peak, depending on the different values of the coupling constant K , and
peak positions mostly depending on k,/m, and k,/m, as shown in Fig. 4(a), (b). Figure
4(b) shows simulations of resonance curves based on our model, with the parameters of
m; =1.000x10", m, =1.015x10™, I}=5, I, =10, k =107200 , k, =106300 , and
K =100. The external forces are varied from 3F to 15F , where the force is given by

F= [;0) exp{iax)-

The overall shape as well as the suppressed signal in the low frequency side of the
experimentally observed asymmetric resonance profiles is well reproduced in the simulation.
The resonance curve with a pinning down frequency response at the higher frequency side is
also simulated for the tapping mode systems as shown in Fig. 4(a), where the parameters are
the same as for the shear-force system except for the coupling constant set at X = 400 . For
the simulations, only two peaks are utilized in order to obtain the asymmetric resonance
features with a suppressed off-resonance signal. As mentioned above, however, it should be
emphasized that the actual system is much more complicated having many different resonance
peaks {14]. These peaks come from different vibration modes of the tuning fork. One
possibility is the existence of a vibration mode along the perpendicular direction of the typical
vibration mode, owing to the fact that the dithering PZT is vibrating not only along the
direction normal to its surface but also along the orthogonal direction. Since the tuning fork is
a beam instead of a simple spring mass system and its beam vibrations have many harmonic
modes and nonlinearities, in addition, multiple modes can be produced. Any such vibration
mode which bas a large damping term and a high Fjm factor may contribute to a drop on one
side of the main peak. According to our model, it is found that the asymmetric resonance
curve with a drop at the lower frequency side is mainly due to a coupled vibration of the
shear-force mode tuning fork. The coupling constant K may be determined by the mounting
methods of the tuning fork.
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Fig. 4. Asymmetric resonance response curves simulated by a coupled two-degree-of-freedom
harmonic oscillator system. Simulations of a suppressed signal in the high frequency side with
K=400 for 1apping mode systems(a) and in the low frequency side with K=100 for shear-force mode

systems(b).
4. Results and conclusions
Figure 5(a) shows the topographic image of the blue-ray optical disc obtained by using the
asymmetric response of the tuning fork while Fig. 5(b) and (c) show the cross-section points
measured along the black lines. The cross section lines are low-pass filtered to remove high
frequency noise. As shown in the inset of Fig. 5(b), it is also found that the shear-force
vertical stability is less than 2 nm while scanning the surface along the black line.
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Fig. 5. (a) Topographic NSOM images of a blue-ray optical disc obtained by utilizing an asymmetric
response and (b),(c) show the cross-section view having a vertical stability of less than 2 nm .

The low frequency slope of the main resonance peak is used as the shear-force control
signal since the resonance frequency is shifted to a higher frequency as the tip approaches
normally onto the sample surface. The asymmetric response with a drop in the low frequency
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region is more sensitive than that of the high frequency region. Applying this asymmetric
system to our NSOM, high resolution images are obtained for a blue-ray optical disc having a
sequence of nano-scale pits. The commercialized AFM images of the poly-carbonate high-
density optical disc reveal that the track pitch, the pit width, and the depth of the pit are
measured to be ~320nm , ~100nm , and ~ 70nm , respectively[17].

Figure 6(a) shows the topographic images of the blue-ray optical disc and its cross-section
view was obtained as shown in Fig. 6(b) using a symmetric frequency response of the tuning
fork. The measured vertical stability of the symmetric case was about 10nm which was
inferior to the asymmetric case(~2nm). '

(a

)

Heigth fum]

500 1080 1506 2000 2500
Relative position [nm)

Fig. 6. (a) Topographic NSOM images of blue-ray optical disc obtained by utilizing a symsmetric
response and (b} the cross-sectional view having a vertical stability of about 10nm.

The fiber probe has an outer diameter larger than 500 nm, which is much larger than the
pit size, not having have a super tip which is verified by tunneling electron microscope(T EM)
images. Therefore, the probe should not be able to trace the sample surface to the bottom of
the pits, indicating that the measured data(~20nm) do not display the actual topographical
depth of the pits but in fact show a variation of the distance regulation signal due to the
inconstant density distribution of the surface. The regions of the pits have a relatively lower
density than its surroundings, giving a non-uniform density distribution

On the other hand, patterns of larger scale compared to the blue-ray disc sample were
traced from peak to valley as shown in Fig. 7(a), where the probe was able to follow the actual
topographical surface of the patterns. Because the width of pattern was large enough for the
probe to trace the bottom of a valley, it was observed that the depth of the mask pattern was
about 100 nm while that of a blue-ray disc was below 20nm as shown in Fig. 5. The optical
image of the chromium pattern on a quartz glass plate was also obtained by the asymmetric
response of a tuning fork as shown in Fig. 7(b) simultaneously. The scanning area
was5x 5 um® . The optical probe was able to emit a laser light of 650nm and diffracting lights
from the mask sample was gathered by the objective lens. The optical signal consistent with
the topogrpahic image was obtained using a photo-detector (see Fig. 1). Therefore, this
method has the potential of sensing the density fluctuations of the samples with almost no
height variations and obtaining an optical image through the opening aperture of the probe
simultaneously.
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Fig. 7. Topographic image(a) and optical image(b) of chromium mask pattern respectively and the
cross-section view(c) along white dotted line.

In conclusion, we have investigated symmetric and asymmetric responses of the tuning
fork to enhance the shear-force detection sensitivity of the probe-sample distance-control for
owr NSOM system. Particularly, we have demonstrated that the asymmetric frequency
response of @ > 2500, with the suppressed background feedback signal, can be reproduced by
controlling the mounting conditions on an edge-clipped dithering PZT plate. The asymmetric
system applied to the NSOM allows us to acquire nano-scale surface images with a shear-
force vertical stability of less than 2nm which was enhanced 5 times as much as for the
conventional case. A simplified model based on a coupled harmonic oscillator system is also
presented to theoretically describe the asymmetric behavior of the tuning fork. We believe
that it will be particularly useful in imaging biological samples having density fluctuations
and/or refractive index variations of comparably high lateral and vertical resclution.
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Sang-Youp YIM, Eunhee JEANG, Jae-Hoon LEE and Seung-Han PARK*
National Research Laboratory of Nanlinear Optics, Yonsei University, Seoul 120-7/9

Kyuman CHO
Department of Physics, Sogang University, Seoul 121-741

(Received 26 April 2004)

A novel probe structure, which can act as a planar nano-probe slide for near-field microscopy, was
proposed and fabricated. Sub-wavelength apertures on a Si substrate are successfully produced by
means of standard photolithography techniques with properly selected masks. In particular, the
anisotropic etching characteristics of Si substrate and the hardmess of the SisNy film are utilized.
Probe-to-probe scanning of the fabricated near-field nano-probe slide shows sub-wavelength confine-
ment of light and comparable throughput to the conventional optical fiber probe. We also show
that the nano-probe slide can serve as a supporting base and a sub-wavelength aperture to obtain
the near-field photoluminescence spectra of 2 limited number of CdSe nanocrystals.

PACS numbers: 07.79.Fc, 78.67.Bf

Keywords: Nano-probe, Sub-wavelength aperture, Throughput, Near-field scanning optical microscopy

I. INTRODUCTION

The nano-optical probe is one of the key elements for
constructing the near-field scanning optical microscope
(NSOM). The most commonly used probe for NSOM
imaging is a metal-coated tapered optical fiber tip, fab-
ricated either by a pulling [1} or an etching process [2].
However, various types of probes, such as the micro-
machined cantilever type probe [3], the ‘apertureless’
metal probe [4], the solid immersion lens [5], the surface-
plasmon-enhanced metal aperture [6], etc., have also
been developed and adopted. Each probe, including the
tapered optical fiber tip, has unique advantages, which
may enhance the capabilities of the NSOM.

In general, a complex distance regulating system [7,
8] in the NSOM makes most of the probes difficult to
use for nanostructure investigations and device applica-
tions. For NSOM devices, in addition, batch production
of the probe, as well as simple operation for near-field
distance detection, are required.  Recently, therefore,
different approaches without using a distance regulat-
ing system have been reported in order to overcome the
aforementioned difficulties, including apertures in metal
films directly deposited on GaAs quantum dots (QD)
[9], a stationary near-field nano-slit scanner with moving
samples {10], and zero-mode waveguides [11]. E-beam
lithography techniques with fine controllability were em-
ployed to fabricate such probes, resulting in the lack of

*E-mail: shpark@phya yonsei.ac kr;
Tel: +82-2-2123-2617; Fax: +82-2-392-3374

direct application to industry.

In this paper, we propose a new type of near-field op-
tical nano-probe integrated with a nano-slide, which can
be produced by using a standard photolithographic tech-
nique. In contrast to previous works, our proposed probe
has a few tens of nanometer thick silicon-nitride (SizNy)
film on a nano-aperture, which acts as a ‘slide (glass)’ for
the samples, as shown in Fig. 1. Hereafter, we call this
system a ‘nano-probe slide’. As displayed in Fig. 1{a), a
sample placed on the top of the nano-probe slide experi-
ences near-fields because the distance between the aper-
ture and the sample is determined by the sub-wavelength
thickness of the SigN, film. If the sample is brought in-
side the nano-probe slide, as is depicted in Fig. 1(b), it
will be immersed in a completely undiffracted near-field.
Compared with the metal coated tapered optical fiber
tip, our proposed nano-probe slide has superior proper-
ties, such as mechanical strength, high throughput, and
batch production [12]. Moreover, easy access to both
sides of the nano-probe slide opens new possibilities for

Fig. 1. Schematic diagram of the proposed nano-probe
slide. Nano-materials can be located on top of the nano-
probe, either (a) outside, or (b) inside.
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the NSOM and for near-field optical-device applications.

II. FABRICATION OF A NANO-PROBE
SLIDE

Figure 2 is a flow chart of the fabrication process for
a nano-slide integrated with 2 nano-probe. The fabri-
cation process is based on the anisotropic etching char-
acteristics of Si substrates and the robustness of SizNy
films. If a Si substrate is dipped into an anisotropic
etchant, e.g., a potassium hydroxide (KOH) aqueous so-
lution, due to the different etch rates along the crystal
directions, the {111} planes of the Si structure serve as
etch stops, so the width of an etched {100} plane de-
creases along the depth, forming an inverted pyramid
[13). Therefore, sub-wavelength apertures can be pro-
duced routinely by means of standard photolithography
techniques with properly selected masks {12].

We used a silicon-on-insulator (SOI) wafer, which con-
sisted of a nominal 15-um-thick (100)-direction Si top
layer and a 1-pm-thick SiO; layer on a bulk 500-pm Si
substrate (Fig. 2(a)), as the starting material. The bot-
tom side of the bulk substrate was coated with a 1-um
oxide layer. The SOI wafer provided sufficient homo-
geneity of the Si layer and a high enough accuracy for
the Si layer thickness. The measured thickness variation
was within 500 nm over the entire 4-inch-diameter wafer.
Note that such a small thickness variation cannot be ob-
tained if the bulk Si wafer is employed. Therefore, the
SOI wafer reduces unnecessary lithographic errors origi-
pating from variations in the Si layer thickness.

Before the sub-wavelength aperture was opened, a
window region was fabricated by using photolithography
with dry etching on the bottom side of the SOI wafer
{Fig. 2(b), {(c)). The buried oxide layer served as an
etch stop. The prepared window was ~ 0.6 x 0.6 mm?.
Subsequently, the oxide layers were removed by using
buffered oxide etchant (BOE) because the oxide layers
usually cause a strain that bulges out the silicon layer.

(a) N L] @
(b)mj Lm {e)

T ) M

Si N, film

(g}

Fig. 2. (a) ~ (f) Fabrication procedure for the nano-probe
slide. Details are in the text. (g) Side view, and (h) front
view of the proposed nano-probe slide.
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On both sides of the remaining Si layer, a robust SigNy
film was grown by using a low pressure chemical vapor
deposition (LPCVD) method. Silicon nitride was chosen
because of its optical transparency up to the UV region
and fairly strong hardness. Moreover, SigNy films can
be deposited routinely during the Si fabrication process.
The upper SigNy layer was used as a mask film (Fig.
2(d)}, and the lower one, typically 30-nm-thick, was pre-
served to be the nano-probe slide.

On the SigNg; mask film, an aperture pattern was
formed by using photolithography with a reactive ion
etching process, as in the window formation process {Fig.
2(e)). Finally, the Si layer was dipped into a KOH aque-
ous solution (10 weight percent, 65 °C), which is one of
the most widely used anisotropic etchants of silicon (Fig.
2(f)). ‘As mentioned above, the final aperture size was
determined by the basal width, the etched silicon layer
thickness, and the angle between the base and the side
wall (54.75°). To reduce the etchant density gradient,
we stirred the solution with a magnetic spin bar. The
estimated etch rate, measured by using an o-step stylus,
was about 40 pm/hour.

ITI. RESULTS AND DISCUSSION

Figure 3(a) and (b) show scanning electron micrograph
(SEM) images of a 10 x 10 array of probes and one single
probe, respectively. As Fig. 3(a) shows an array struc-
ture is well fabricated over the entire area. Moreover,
most of apertures of the array exhibit nearly the same
size for the same mask width, even though the size devi-
ation is not perfectly controllable in this simple method.
The aperture size is found to increase/decrease along one
direction, suggesting a thickness variation in the Si sub-
strate. The measured aperture size variation is within
100 nm. »

A highly magnified SEM image (Fig. 3(b)) shows that
an inverted pyramid is etched down to the bottom, suc-
cessfully forming a sub-wavelength aperture. The dark
center area of less than 130 x 170 nm is the exposed sil-
icon nitride layer, i.e., the nano-slide. The slightly elon-
gated aspect ratio might be due to a thickness difference

Fig. 3. SEM image of (a) an array of nano-probe slides
(total area ~ 450 x 450 um), and (b) a single nano-probe
slide.
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Fig. 4. (a) Near-field measurement setup and (b) spatial
distribution of the near-field intensity of a nano-probe slide.
The total scan area is 2 X 2 um. The line profile of the
near-field intensity along (c) the x & (d) the y directions.

in the Si layer. Unless particles exist on the nano-slide,
all the apertures appear to be dark due to the relatively
low brightness inside the inverted pyramid hole.

At the present state, metal is not coated on the sides
of the inverted pyramid hole of our nano-probe. An un-
coated probe usually exhibits a leaky aperture, which de-
grades the spatial resolution of the near-field image [14].
However, the huge absorption by silicon at UV-visible
wavelengths can suppress the far-field components and
reduce the effective aperture of the uncoated nano-probe
slide. The absorption coefficient of Si is reported to be
as high as ~ 1.9 x 10* cm™* at 2.54 eV (488 nm) and
to increase to nearly 106 cm™? at 3.81 eV (325 nm) [15].
Therefore, if a UV laser is used, the light confinement ef-
fect is expected to be the same order of magnitude as that
for a metal-coated probe. In addition, the near-field in-
teraction between a material and an aperture contributes
strongly to the signal in NSOM spectroscopy {16].

To confirm the sub-wavelength confinement of light
and to measure the throughput of the nano-probe slide,
we measured the transmitted power through the nano-
probe slide by using the probe-to-probe scanning method
[17]. A metal-coated tapered optical fiber tip with a
100-nm aperture (Nanonics) was brought onto the nano-
probe slide by using tuning-fork-based shear-force detec-
tion [18] and scanned over the aperture region in the
constant gap mode (Fig. 4(a)). A 488-nm-wavelength
Ar laser beam was coupled into the tapered fiber tip,
and the light transmitted through the nano-probe slide
was measured through a 488-nm interference filter by
using a channeled photomultiplier tube (CPM).

The measured spatial distribution of the near-field in-
tensity, as expected, shows a larger effective aperture size

Journal of the Korean Physical Society, Vol. 45, No. 4, October 2004

Throughput

O Conventional TFT
# Nano-probe shd2

100 1000
Effective Aperture Size (hm)

Fig. 5. Throughput as a function of the effective aperture
size. The throughput data of a conventional tapered fiber tip
is replotted from Ref. 17.

18. 8kV X1geK

Fig. 6. CdSe nanocrystals located on a nano-probe shide.

than the geometrical one. Note that the near-field inten-
sity map was obtained from the aperture shown in Fig.
3(b). Interestingly, the near-field distribution along the
T axis is slightly shorter (~ 80 nm) than that along the
y axis, as shown in Figs. 4(c) and 4(d). In fact, as Fig.
3(b) shows, the aperture is elongated by ~ 40 nm along
the y axis. The full widths at half maximum (FWHM)
of the line profile are estimated to be 260 nm (~ 1/1.9)
and 340 nm (~ A/1.5).

Figure 5 shows the throughput, defined by the ratio of
the input power to the output power through the nano-
probe slide, for various effective sizes. Because of the
finite size of the tapered optical fiber tip {100 nm), a
deconvolution technique was employed to estimate the
effective size of the nano-probe slide. As can be seen in
Fig. 5, the throughput of our nano-probe slide is quite
comparable to that of a conventional probe {19]. As men-
tioned above, however, it should be emphasized that the
probe presented here is purely dielectric and that the
confinement of light originates only from band-to-band
absorption and the waveguide geometry. In contrast to
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Fig. 7. Comparison of far-field PL and near-field PL from
CdSe nanocrystals on a nano-probe slide. The linewidths of
the far-field and the near-field PL are 140 meV and 92 meV,
respectively.

the metal-coated fiber tip, therefore, our nano-probe slide
has much more endurance for high input powers and
much better mechanical durability.

Finally, as Fig. 6 shows, a 200-nm-wide nano-probe
slide and CdSe nanocrystals placed on top of the nano-
probe slide were imaged by using scanning electron mi-
croscopy (SEM). The CdSe nanocrystals were prepared,
by using a chemical method, as a colloid in Hexane. A
10-p drop was spin cast at 5000 rpm for 60 seconds.
It is clearly shown that the nano-slide can serve as a
supporting base for CdSe nanocrystals. Figure 7 shows
the near-field photoluminescence {PL) spectra of CdSe
nanocrystals on one of the nano-probe slide apertures,
compar with the far-field PL spectrum. The linewidth
of the PL spectrum, emitted from the CdSe nanocrystals
narrows down to 65 % compared with the far-field PL at
room temperature. This result confirms that the nano-
probe slide can illuminate locally, only a limited nurnber
of nanocrystals is exposed to the excitation light, and
a direct near-field characterization of nano-materials is
possible without a complex sample-probe distance regu-
lating system.

IV. CONCLUSIONS

In summary, a novel near-field planar nano-probe
structure, accessible by standard photolithographic tech-
niques, was proposed. The proposed nano-probe slides
with various sizes were fabricated successfully by us-
ing a photolithography technique with properly selected
masks, anisotropic etching characteristics of the Si sub-
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strate and the robustness of the SizNy film. The scanning
electron micrograph (SEM) images clearly showed that
a 10 x 10 array of probes and one single probe could
be realized. In addition, with the help of the probe-
to-probe scanning technique, a sub-wavelength confine-
ment and a high throughput comparable to those of a
conventional tapered optical fiber probe were confirmed.
CdSe nanocrystals were successfully located on top of the
nano-probe slide by using a spin coating method. The
linewidth of the PL spectrum in the near-field region is
narrower than that in the far-field region, indicating the
possibility of direct near-field characterization of nano-
materials without complex sample-probe distance regu-
lating systems. We hope that our proposed nano-slide
integrated with a nano-probe can be quite useful for in-
vestigating organic and inorganic samples which require
the high input intensities.
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