
Light in the Nano-world

DNA

Katyayani Seal, Hui Cao

200 nm



Nano-optics

The study of optical phenomena and techniques at the 
nanometer scale. 
(at the subwavelength scale or beyond the 
diffraction limit of light)

� Design/discovery of structures that display optical 
phenomena at the nanoscale

� Designing methods of observing/studying/understanding 
these phenomena



1. Quantum dots

bio tagging, anti-counter fiet

2. Disc lasers

efficient lasing at nm

3. C Nano-tubes

study CNT quality
4. Plasmonic structures

chemical sensing, light circuiting

Optics in nanostructures-confinement effects

Nano-Optical Phenomena-examples



5. Photonic crystals

waveguides, lasers, mir rors

7. Giant Transmission

displays, switches, sources

6. Negative index

per fect lens, optical cloak

Optics in metamater ials-collective effects

Nano-Optical Phenomena-examples



Nano-optics: measurement 
techniques

Measurements at optical wavelengths:
traditional lenses collect light and then feed to 
spectrometers, cameras, detectors,
autocorrelatorsetc.

Near-field microscopy: 
•Specialized method suited for observing         

optical phenomena at the nanoscale.
•Breaks the diffraction resolution limit.



How well are we able to see an object?

A measure of this ability is called the “ Resolution”

What determines the Resolution?

Answer: The behavior  of the light that we use to see an 
object.

Resolution



What is light?
Light can be thought of as waves.
Waves transfer  energy from one place to another .

Waves

Waves come in many sizes. 
The size of a wave is 
measured as its wavelength 

(known by the symbol � )



� A light wave consists of energy in the form of electric and 
magnetic fields. 

� The electric and magnetic fields vibrate at 
right angles to the direction of  movement of the wave, and 
at right angles to each other. 

Light Waves



� Visible wavelengths range from 400 to 700 nanometers
(billionths of a meter). 

� Smaller wavelengths are found in violet light and larger 
wavelengths are found in red light. 

Visible Wavelengths



What happens when light waves hit an obstacle?
The light bends around the edges of the obstacle.

This property of bending of light is called diffraction.

Diffraction



Conventional microscopy uses a lens to focus the image of
the object at a point far from the object. This is known as
far -field imaging.

Diffraction limits the resolution of objects that we see
with visible light.

Far-field 
light

lens

Far-field Imaging

Object at distance

Image at focus



A beam of light shining through a small circular 
hole onto a viewing screen results in a circular 
Airy diffraction pattern. A cross section is 
shown here.

Now, if you have two beams instead 
of one, you get a sum of the two Airy 
patterns on the screen

We cannot resolve the two patterns of 
light if they are too close to one another.

Resolution Criterion



The smallest objects that can be resolved by far field imaging
are about half the size of the wavelength used for imaging: (� /2) 
Since this  resolution limit is due to diffraction of light in the far-field, 
it is known is the Diffraction L imit.

Diffraction Limit for Resolution

sin� = 1.22 � /d 
where � = angular  resolution

d = lens diameter



How can we break the diffraction limit? Use the near-field 
instead of far-field!

First, we look at the object up close, within a distance less
than the wavelength of light used. This is called the near-field 
zone of the object. In the near-field zone, light is not yet 
diffraction limited.

Then, we use a very small probe (a sharp 
tip and/or a small hole) to sample light 
in the near-field zone of the object.

This breaks the diffraction limit. The 
optical resolution is now determined 
by the size of the probeand its 
distance from the sample.

Breaking the Diffraction Limit



The concept of breaking the diffraction limit by using a small probe to 
detect light in the near-field zone of the object had been proposed by 
Edward H. Synge (and discussed with Albert Einstein) in the 1930s. 

But making this possible at visible wavelengths required :

1) Making a probe of size much smaller than the wavelength.
2) Taking that probe very close to the object without touching it.
3) Scanning the probe over the object in small steps.

Technology in those days was not advanced enough for this!

Concepts of 
sub-wavelength resolution



Scanning Probe Microscope
In the 1980s, Scanning Probe Microscopes 
(SPM) were discovered.

SPM automatically puts a tiny probe in 
the near-field of a sample. Now, if you 
use a probe that can measure the light, it 
is then possible to get optical resolution 
beyond the diffraction limit!

AFM tip

AFM schematic



In NSOM, the probe 
often used is a sharpened 
optical fiber tip which is 
coated with an opaque 
material, leaving a hole 
(which can be as small as 
50 nm in size) at the 
sharpened end.

You can break the diffraction 
limit with NSOM, which can 

provide a resolution of � /20 !!

Near-field Scanning Optical 
Microscope



NSOM with 
Optical Feedback

This is a schematic of a NSOM where the sample is illuminated and 
the light transmitted through it is measured in the near-field zone by 
using a tapered and coated optical fiber. 

The feedback system uses a laser 
beam that bounces off the probe 
and falls on a photodiode. 

The position of the reflected 
laser spot depends on the 
position of the probe.

This is known 
as optical feedback.

incident laser light

tapered fiber tip

sample (scanning stage)

Laser photodiode

detector
optical fiber 

feedback system

reflector 



There are different configurations of NSOM. Some use non 
optical feedback mechanisms, where the vibration frequency of a
tuning fork is used for feedback.

The fiber probe is attached close to 
the tuning fork. 

A typical NSOM 
scan gives two images
1) The surface topography 

or AFM image.
2) The optical image.

NSOM-with
Non-optical Feedback



Different modes of operation in NSOM depending on how the 
sample is illuminated. 

1) Collection mode: when a probe collects light from the near-field 
zone.

2) I llumination mode: when a probe illuminates the sample in the 
near-field zone and light is collected in the far-field..

3) Collection-I llumination: when the probe illuminates the sample 
and collects light, both in the near-field zone.

NSOM: Modes of Operation



NSOM: Modes of Operation

(a) Illumination mode
(b) Collection mode
(c) Reflection mode
(d) Evanescent Illumination (PSTM)
(e) Apertureless NSOM
(f) Plasmon Near-field Microscope



Commercial NSOM

the tip is 
somewhere
here!



Imaging metal particles on substrate

1 x 1 � m images of gold particles showing ~50 nm resolution

Examples of NSOM Images

AFM image NSOM image

200 nm200 nm



Imaging of DNA

Examples of NSOM Images

AFM image NSOM image

200 nm400 nm



500 nm

Semicontinuous Metallic Films

� METALLIC PARTICLES ON
INSULATING SUBSTRATES

� OPTICAL PROPERTIES ARE VERY
DIFFERENT FROM THOSE OF
CONSTITUENT BULK 
MATERIAL

� UNIQUE RANDOM MEDIUM WHICH 
SUPPORTS INTRINSIC 
EXCITIONS: 
SURFACE PLASMONS



Plasmons in the bulk: � p determined by the 
free e- density and mass: � p=(Ne2/� 0m)1/2

Plasmons confined to surfaces: interact with light to form 
propagating surface plasmon polaritons (SPP): � sp= � p/� 2

Plasmons can be confined in nanoparticles: 
resonant SP modes that are localized ): � sp= � p/� 3

EM surface waves that exists 
at the interface of two media 
whose � have opposite signs

Plasmons
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Nanoparticles- Applications



500 nm

Semicontinuous Films-Growth

� METALLIC PARTICLES DEPOSITED ON 
DIELECTRIC SUBSTRATES BY 
PULSED 
LASER DEPOSITION.

� INDIVIDUAL METAL NANOPARTICLE 
SIZE IS ~ 10 - 20 nm.

� STAGES OF GROWTH
� INDIVIDUAL METAL PARTICLES
� SMALL METAL CLUSTERS 
� LARGER METAL CLUSTERS 
� INFINITE METAL CLUSTER 

(PERCOLATION THRESHOLD)
� DIELECTRIC VOIDS 
� CONTINUOUS METAL FILM.



p = 0.36 p = 0.45 pc = 0.65 p = 0.75 p = 0.85

200 nm

p = 0.30

TEM Micrographs

Structural Images



V.M. Shalaev,“ Nonlinear Optics of Random Media”  
(Springer, Berlin, 2000)
A.K. Sarychev, Physics Reports, 335, 275 (2000).

Theoretical local field enhancement in 
semicontinuous metal films

Random metalRandom metal--dielectr ic systems:dielectr ic systems:

�� INCIDENT  EXCITATION  LIGHTINCIDENT  EXCITATION  LIGHT

CAN CAN BE  SPATIALLY  CONFINED.BE  SPATIALLY  CONFINED.

�� OPTICAL  EXCITATIONS AREOPTICAL  EXCITATIONS ARE

INHOMOGENEOUSLY DISTRIBUTEDINHOMOGENEOUSLY DISTRIBUTED

AND  OFTEN CONFINED TO SMALL AND  OFTEN CONFINED TO SMALL 

AREAS (HOT SPOTS).AREAS (HOT SPOTS).

�� LOCATIONS  OF  HOT  SPOTS  LOCATIONS  OF  HOT  SPOTS  

DEPEND ON  INCIDENT DEPEND ON  INCIDENT 

WAVELENGTH, POLARIZATION, WAVELENGTH, POLARIZATION, 

ANGLE OF INCIDENCE AND METAL ANGLE OF INCIDENCE AND METAL 

CONCENTRATION.CONCENTRATION.

�� ANAMOLOUS ABSORPTION NEAR ANAMOLOUS ABSORPTION NEAR 

PERCOLATION THRESHOLD.PERCOLATION THRESHOLD.

Local Field Enhancement



Rotating 
Silver 
Target

Ablation 
Beam Spot

Incident
Beam Reflected 

Beam

Transmitted
BeamGlass 

Cover Slips

Sample 
Holder

Resistance 
Probes

Schematic of PLD set-up

PLD set-up

Sample holder

Sample Fabrication-
Pulsed Laser Ablation (PLD)



� Ultra sensitive detection:
Detection of chemical/biological agents by 
microcavity enhanced Raman signal

V. P. Drachev et al, J of Mod Opt, 49, 645 (2002)
V. P. Drachev et al, J of Raman Spec, 36, 648 (2005)
LaSys Inc., NM (http://www.lasysinc.com)

� Enhancement of various linear &
non-linear optical phenomena
Raman, SHG, Random lasers

Selvan et al, J Phys Chem B, 103, 7064 (1999)
Noginov et al, J. Mod Optics, 52, 2331 (2005)

� Selective Filters:
Spectral windows can be formed by 

“ photomodification” .

Genov et al, J. of Non Linear Opt Phys and Mat,12, 1-22, (2003)

Semicontinuous Films-
Applications


