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We present a method to perform near-field optical spectroscopy. It consists of an apertureless

near-field optical microscope combined with an incoherent light source and a monochromator. We

show that the optical response of the tip depends both on the wavelength and the tip apex shape. The

experimental optical response of the tips is in good agreement with the predicted theoretical one.

The near-field optical spectrum obtained on a gold island in the visible spectrum range (l
5400– 600 nm) is presented and shows that the method is reliable to perform spectroscopic

measurements on submicrometer-sized objects. © 2000 American Institute of Physics.

@S0003-6951~00!02204-X#

Scanning near-field optical microscopy ~SNOM! is a

technique that allows to image the details of objects with a

subwavelength resolution.1 Since its implementation, there

has been a continuous trend to extend the applicability of this

technique to different wavelengths: from the microwave at

the beginning,2 to the visible,3 and the mid infrared.4 Spec-

troscopic applications of the technique have also been dem-

onstrated. They mainly concern emission processes such as

luminescence,5 Raman spectroscopy,6 and more recently

two-photon fluorescence.7 Results on absorption processes

are more scattered and only Klar et al.8 have been able to

perform spectroscopic measurements of the optical response

of gold nanoparticles using a tunable laser. However, the use

of a tunable laser over a continuous wide range of wave-

length is expensive and quite difficult to achieve in a routine

way.

In this letter, we present a method that allows to perform

near-field spectroscopy with a broadband source coupled

with a grating spectrometer. We have used an apertureless

SNOM4,9,10 with an electrochemically etched tungsten tip as

a probe. We first study the optical response of the tip as a

function of the wavelength. Using a simple theoretical

model, we show that the electromagnetic coupling between

the tip and the light depends both on the wavelength and the

tip apex shape. We have experimentally observed this effect

on two tips having a different cone angle, and the measured

optical dependencies are in good agreement with theoretical

predictions. Finally, we also show that the method allows to

measure the optical response of submicrometer-sized objects,

and more particularly to determine the position of absorption

edges or transitions energies.

The general operating mode of the apertureless SNOM

has already been described by several groups4,9,10 and we

will only detail here the illumination procedure. The key

point in doing near-field optics is to have enough light power

concentrated on the object to study. Coherent light sources

such as lasers are therefore well adapted to near-field optics

thanks to the ease with which we can focus their power on a

diffraction-limited micron-sized spot. When using an inco-

herent light source such as a lamp, the focusing procedure

becomes more difficult because of the size of the source and

the beam divergence. The illumination setup that we have

built is depicted in Fig. 1. The light source is a 300 xenon-

arc lamp ~Cermax Model EX300-10F! with a built-in ellip-

soidal reflector. The point light source is located at the first

a!Author to whom correspondence should be addressed; electronic mail:

aigouy@optique.espci.fr
b!Also at Université Pierre et Marie Curie, 75231 Paris, France. FIG. 1. Schematic diagram of the experimental setup.
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focus of the reflector. At the second focus, we have placed

the entrance slits of a high numerical aperture monochro-

mator ~Instruments S.A., F/n52, with concave holographic

grating!. A multi-mode optical fiber ~Thorlabs Model FT-

600-URT! was placed at the exit slits of the monochromator

and connected to the focal zone of the tube lens of an optical

microscope ~Olympus BHM-363U!. The outgoing light is

focused onto the surface of the sample with a long working

distance objective ~Olympus MSPLAN50, numerical aper-

ture (NA)50.55!. Within this configuration, we are able to

concentrate an incoherent monochromatic light on a 10-mm-

wide spot with a power density approximately equal to 1

W/cm2 in a 1 nm spectral bandwidth. The tip is placed at the

center of the spot and is made to vibrate in the tapping mode

at a frequency close to 10 kHz with an amplitude of 50 nm.

The light scattered by the tip and the specular reflection are

collected in the far field by the objective used for illumina-

tion and a 50% beam splitter redirects the beam towards a

photomultiplier tube ~Hamamatsu R3878HA!. A lock-in am-

plifier ~EG&G Instruments Model DSP 7260! synchronized

to the oscillation frequency of the tip allows us to extract the

near-field optical signal. The far-field signal can also be mea-

sured simultaneously by a dc voltage amplifier.

The first question that is raised when performing near-

field spectroscopy concerns the optical response of the probe

itself. In our case, the tip is made of tungsten and its shape is

conical. At first sight, this metal is particularly interesting to

perform spectroscopy since its complex dielectric constant is

relatively flat in the spectral range we use ~from the UV to

the near infrared!.11 However, even with a material having a

flat spectral response, one can find that the coupling effi-

ciency between the tip apex and the light depends on the

wavelength. This spectral dependence can be explained by a

quasielectrostatic model. As shown in Ref. 12, the amplitude

Edet of the field scattered by the tip at the detector position

can be expressed as a function of the near field Eexp(R,z)

illuminating the tip as follows:

Edet•jrec5

2ie0cl

p
E F ]

]z
Erec~R,z !G•Eexp~R,z !dR, ~1!

where c is the speed of light in vacuum, e0 is the vacuum

permittivity, and l is the wavelength. Erec(R,z) is the con-

fined and enhanced electric field near the tip when illumi-

nated by a hypothetical point source with unit current density

jrec located at the detector position. In Eq. ~1!, the z axis is

parallel to the tip axis and the integral is calculated in a plane

at a constant z located below the tip. Recently, the field near

a perfectly conducting conical tip has been introduced to

model the local electric field in apertureless SNOM.13 In our

case, both fields in Eq. ~1!, Erec and Eexp can be modeled by

the field in the vicinity of a perfectly conducting cone apex

illuminated by a dipolar source.14 This model yields a wave-

length dependence of these two fields like l2v where v is a

constant smaller than unity which depends on the cone

angle.14 Due to the interference between the field scattered

by the tip Edet and the specular field, the signal at the detector

is proportional to the amplitude of the scattered field Edet .

Therefore, provided a perfectly conducting cone is a good

model for a tungsten tip, the wavelength dependence of the

signal predicted by Eq. ~1! is l122v. The variations of the

predicted signal in the range 400–600 nm are plotted in Fig.

2 for different values of the total cone angle ~10°, 20°, 40°,

and 80°!. For clarity, the curves have been normalized to the

values of the signal at 400 nm. One can see that the tip

geometry strongly influences the variations of the signal: the

sharper the cone angle is, the stronger the variations are.

Next, we have tested experimentally the optical response

of two tips as a function of the wavelength. Scanning elec-

tron micrographs of the tips are displayed in Fig. 3~a!. Their

total angles are approximately 26° ~tip 1! and 43° ~tip 2!. We

have measured the signal on a reference sample and normal-

ized it by the specular far field. The reference sample is a

UV-enhanced aluminum mirror with a reflection coefficient

constant in this spectral range (R50.9). The results are dis-

played in Fig. 3~b!. For clarity, the spectra have been nor-

malized to the experimental value at 400 nm. For both tips,

the signal increases almost linearly with the wavelength, but

with a different slope. This behavior is the same as that pre-

dicted theoretically and shown in Fig. 2. We have calculated

FIG. 2. Theoretical wavelength dependence of the signal for different values

of the angle of the tip ~10°, 20°, 40°, and 80°!, modeled by a perfectly

conducting cone.

FIG. 3. ~a! Scanning electron micrographs of two tips. Tips 1 and 2 have a

26° and 43° cone angle, respectively. ~b! Experimental optical response of

the two tips.
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the mean slope in the spectral range 400–600 nm, after nor-

malization of the signals by their value at l5400 nm. The

experimental slopes are (1.260.1)31023 for tip 1 and

(0.860.1)31023 for tip 2. The values of the slopes pre-

dicted theoretically by Eq. ~1! ~1.331023 for tip 1 and

0.9531023 for tip 2! are in very good agreement with the

experimental ones. Note that this increase of the scattered

light intensity with the wavelength is specific to the conical

shape. Modeling the tip apex by a small sphere ~dipole!
would yield a dependence of the signal like 1/l4.15 Thus, the

spectral behavior of the apertureless setup measured in this

experiment is not described by a dipole model for the tip.

In order to find out if the method we have developed is

reliable to achieve spectroscopic measurements, we have

measured the optical response of a submicrometer-sized ob-

ject: a gold island deposited on a SiO2 substrate. An atomic

force microscope image of the island is displayed in Fig.

4~a!. Its dimensions are ;4003500 nm with a height of ;65

nm. A vertical profile of the topography and its correspond-

ing optical signal ~measured at a constant wavelength: l
5535 nm! are depicted in Fig. 4~b!. A near-field optical

spectrum has then been measured in the range 400–600 nm

on the center of the island @indicated by arrow 1 in Fig. 4~a!#.
The spectrum is displayed in Fig. 4~c!. It has been normal-

ized by a spectrum obtained on a reference sample ~alumi-

num mirror: R50.9! with the same tip and in the same ex-

perimental conditions. This normalization is absolutely

necessary because it allows: ~i! to get rid of the light inten-

sity variations emitted by the lamp when changing the wave-

length, ~ii! to take into account the absorption of the optical

elements of the microscope, and ~iii! to cancel the optical

response of the tip. The spectrum obtained on the gold island

@Fig. 4~c!# is similar to the one obtained in the far field on a

continuous 30-nm-thick gold film @Fig. 4~d!#. The strong de-

crease of the signal in the range 600–500 nm is due to the

absorption of light by electrons from the top of the d band to

the Fermi level.16 The similarity between the two spectra

shows that, for this kind of island which has a relatively

large size, there is neither a size-induced energy shift of the

absorption edge nor a plasmon resonance peak. Such effects

would appear on smaller islands like, for instance, the ones

studied in Ref. 8. Finally, a spectrum obtained on the sub-

strate, and more precisely at 100 nm from the island @indi-

cated by arrow 2 in Fig. 4~a!#, is presented in Fig. 4~e!. At

this special point, the spectrum does not exhibit any gold-

related spectral feature, showing that the gold island, which

is located only 100 nm away, did not influence the measure-

ments. From this, we can deduce that the optical resolution is

at least better than 100 nm.

In conclusion, we have developed a method to perform

near-field optical spectroscopy which combines an aperture-

less SNOM, a xenon-arc lamp, and a monochromator. We

have studied the optical response of the tip as a function of

the wavelength. We have shown that the intensity of the light

scattered by the tip increases with the wavelength and that

these variations depend on the cone angle at the tip apex. A

good agreement is obtained between the experimental spec-

tra and theoretical predictions. A spectrum obtained on a

gold island shows that the method is reliable to perform

spectroscopy on submicrometer-sized objects, which would

be very difficult to achieve by conventional far-field methods

unless the islands were separated by several microns. This

technique opens the way to perform local absorption spec-

troscopy and can find applications in various domains such

as solid state physics, chemistry, and biology.
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FIG. 4. ~a! Topography of a gold island. ~b! Topographic and near-field

optical profiles of the gold island. The profiles are performed along the

vertical white line indicated in Fig. 4~a!. ~c! Near-field optical spectrum

measured on the gold island @arrow 1 in Fig. 4~a!#. ~d! Far-field optical

spectrum measured on a gold thin film. ~e! Near-field optical spectrum mea-

sured at 100 nm away from the gold island @arrow 2 in Fig. 4~a!#.
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