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Abstract

In this thesis we present experimental and theoretical studies of optical fields with sub-

wavelength features. We intend to gain a better understanding of the interaction of light with

microstructures in order to determine their optical properties. An electromagnetic field is

characterized by an amplitude, a phase and a polarization state. Therefore, experimental studies

require coherent detection methods, in particular heterodyne scanning probe microscope

(heterodyne SNOM), which allow the measurement of amplitude and phase of the optical field

with sub-wavelength resolution. We discuss some basic properties of phase distributions. Light

waves diffracted by microstructures can give birth to phase dislocations, also called phase

singularities. Phase singularities are isolated points where the amplitude of the field is zero.

Phase dislocations can be observed in the near- and far-field of optical microstructures, such as

gratings. The behavior of phase singularities have been localized with a spatial resolution of

10 nm. Comparison of the calculated and measured amplitude and phase for the TE- and TM-

mode with the heterodyne SNOM gives interesting information about the field conversion by the

fiber tip probe. A non-trivial conclusion points out that the three vectorial components of the

electric field are detected.

Résumé

Dans cette thèse, nous présentons des études expérimentales et théoriques de champs optiques

ayant des propriétés sub-longueur d’onde. Notre intérêt se base sur une meilleure compréhension

de l’interaction de la lumière avec des microstructures afin de déterminer leurs propriétés

optiques. Un champ électromagnétique est caractérisé par une amplitude, une phase et un état de

polarisation. Cependant, des études expérimentales requièrent une méthode de détection

cohérente, en particulier un microscope hétérodyne optique à balayage en champ proche

(“SNOM” hétérodyne ) permettant la mesure de l’amplitude et de la phase de champ optiques

avec une résolution nanométrique. Nous discutons également des propriétés de base des

distributions de phase. En effet, la lumière diffractée par des microstructures peuvent donner

naissance à des dislocations de phase, appelées aussi singularités de phase. Les singularités de

phase sont des points isolés où l’amplitude est zéro. Ces points peuvent être observés dans le

champ proche ou lointain de microstructures, comme des réseaux optiques par exemple. Les

singularités de phase ont été localisées avec une résolution spatiale de 10 nm. Une comparaison

théorique de l’amplitude et de la phase mesurée en mode TE et TM avec un SNOM hétérodyne

donne des informations intéressantes sur la conversion du champ par un sonde locale en fibre

optique. Une conclusion non triviale affirme que les trois composantes vectorielles du champ

électrique sont détectées.
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Chapter 1. Introduction 1

1 Introduction

Humans always have dreamt of pushing the limits of their visual perception. They have

always been interested in the infinitely big or infinitely small. In the history of science, the

invention of the first optical microscopes and telescopes marked the beginning of a new area.

The novel instrumentation enabled the observation of phenomena not directly accessible to

human senses. A lot of devices have been developed for this purpose. Telescopes allow

observation far away while microscopes have been realized in order to see smaller matter. In

1590, magnification of images began to expand visual perception, due to the invention of lens

systems. Although optical microscopes are, and have been, crucial in science, their limitations

have been rapidly reached because technological progress always required more powerful

devices.

1.1 Classical diffraction limit

In a conventional optical microscope, white light is concentrated onto the sample. The object

is then imaged and magnified by a lens system. The image is a low pass filtered representation of

the original object. The high spatial frequencies are lost during propagation through the

objective. Hence, there is always a loss of information during propagation from near- to far-field

and only structures with lateral dimensions larger than [1]

p
nmin  

sin
≈ λ

θ2
(1.1)

can be imaged with accuracy. This limit is the smallest resolvable spacing, known as Abbe’s

barrier or far-field diffraction limit. It is a function of the wavelength of the probe radiation λ
and the aperture angle θ  collecting the light with respect to the object normal. If the system is in

a medium different than air (e.g. a liquid), the refraction index of the medium n between the

object and the objective is considered. According to Abbe’s treatment, the limit of resolution for

a conventional microscope is only slightly smaller than the wavelength of the probe radiation. In
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order to gain sub-wavelength resolution, the optical system has to detect frequencies higher than

f > 1/λ. This information, contained in high spatial frequencies f, is given by evanescent waves,

which are non-propagating waves [2].

1.2 Scanning Near-field Optical Microscopy (SNOM)

In order to get sub-wavelength resolution in optical fields, it is crucial to probe high spatial

frequencies contained in evanescent waves. To access the evanescent waves, a probe has to be

brought close to the surface. “Close” or “near” means smaller than a wavelength (in contrast to

“far”) because this is the distance where evanescent waves extend. The definition of near-field

optics (NFO) can be the following [1]: “near-field optics is a branch of optics that considers

configurations that depend on the passage of light to, from, through, or near an element with

sub-wavelength features and the coupling of that light to a second element located a sub-

wavelength distance from the first”.

The idea to bring a probe close to the surface comes from the invention of the scanning

tunneling microscope (STM) in the 1980’s by G. Binnig and H. Roher [3] and then later, from

the atomic force microscope (ATM) [4]. In the former, the Coulombian interaction is used to

control the nanometric distance between the probe and the surface, whereas in the latter, van der

Waals forces contribute to the approach. Such microscopes allow only topographical knowledge

of sample surfaces. Progress in optics science requires the study of optical properties of objects.

Thanks to scanning probe techniques (SPM), scanning near-field optical microscopy (SNOM)

[5] allowed the diffraction barrier to be broken in optical microscopy. In 1982, first reports of

near-field imaging at visible wavelengths came from the Zürich IBM laboratory where the STM

was developed [6, 7].

The SNOM uses AFM techniques for the approach of a probe close to a surface of a sample in

order to investigate the optical near-field. The SNOM probe, which detects the light (and/or

illuminates the sample) has been the subject of a lot of technological effort. It is a crucial part of

the SNOM because it is the principal sensor of the detection or the main source for the

illumination. Its design can range from a tapered optical fiber to a silicon/quartz micro-machined

tip mounted on an AFM cantilever. A metal coating can be deposited at the apex in order to

better define a small aperture. In this work, we will use pulled dielectric and entirely metal

coated fiber probes (chapter 3).

Many different configurations (Fig. 1.1) of optical near-field microscopes have been proposed

over the last twenty years [8]. The denomination “SNOM” groups all these techniques, which

have their own characteristic names. In collection mode (Fig. 1.1a), monochromatic light is

collected through the probe while the sample is illuminated in far-field (in opposition to near-
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field definition). In illumination mode (Fig. 1.1b), the sample is illuminated with light from the

probe apex and collected in the far-field. In illumination/collection SNOM mode (Fig. 1.1c), the

sample is illuminated by the light coming from the probe and the light emanating from the

sample is collected equally by the probe. In oblique illumination mode (Fig. 1.1d), the sample is

illuminated obliquely with a far-field device and the light is collected by the tip. In the opposite

case, oblique collection (Fig. 1.1e), the light goes through the aperture of the probe, illuminating

the sample. The light is collected obliquely with a far-field device. In dark-field SNOM

(Fig. 1.1f), also called photon scanning tunneling microscopy (PSTM), the sample is illuminated

by total internal reflection. The fiber probe (not necessarily coated), is placed in the near-field of

the sample, collects the light via the tunneling effect of the light (chapter 4). In this work, the

configurations of Figs. 1.1a and 1.1.f have been used.

a) b) c)

d) e) f)

Figure 1.1: Scheme of different SNOM configurations [1]. The specific configurations are called

a) collection-, b) illumination-, c) collection/illumination-, d) oblique illumination-, e)

oblique collection- and f) dark field-mode.

The SNOM became an important tool for many research domains in Optics, Micro-Optics and

then for Nano-Optics. The development of the SNOM gives birth to large number of applications

in biology, material science, surface chemistry and information storage, for instance. SNOM

application in telecommunication optics is also required for fabrication of new devices.
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1.3 Motivation and thesis outline

 The goals of this work are several. The first is the contribution to the understanding of optical

fields. In scanning near-field optical microscopy, the field generated by an object, especially by

sub-wavelength objects, is different from the object itself. In general, rigorous diffraction theory

is needed to estimate the geometrical parameters of the object under investigation. To

characterize exactly an electromagnetic field, intensity alone is not sufficient; one has to know

its amplitude, its phase and its polarization state. The main task in this work was to build a set-up

in order to be able to measure the amplitude and the phase of optical fields with sub-wavelength

resolution. We are positively convinced that in the future, optical amplitude and phase

measurement can bring many solutions in micro- and nano-fabrication, e.g. in photonic bandgap

structures for optical telecommunication devices.

The second aim is to better understand the SNOM itself. What is possible to measure with

such an instrument and what does the tip really detect? This is a crucial question. In fact, one

must be careful about tip-field interaction in order to avoid artifacts. We will present a few basic

measurements in order to answer to these fundamental questions and also to know the limitation

of our novel device.

This thesis is structured in five main chapters. Chapter 2 introduces the basic concept of

heterodyne detection. Photodetectors are sensitive to photon flux (i.e. intensity) only and

therefore not to the optical phase. However, heterodyne detection offers an elegant way to

measure the complex amplitude of an optical signal. This chapter will give the theoretical basis

on which amplitude and phase measurements have been measured with high accuracy. Some

theoretical noise aspects will be introduced in order to know the limitation of this interferometric

method.

In chapter 3, we will present a detailed description of the complete optical heterodyne probe

system. We will show how a heterodyne interferometer has been combined with a scanning

probe optical microscope in order to measure amplitude and phase of optical near- and far-fields.

A complete description of all the components and devices will be given. The entire set-up this

work has been built within the framework of a project supported by the Swiss National Science

Foundation. The signal to noise ratio of the system will be presented so as to establish correctly

the basis of the optical detection for all further measurements. As a first test, we shall study the

amplitude and the phase of an optical plane wave.

Chapter 4  is a fundamental part of this work. In fact, we will study an important optical

wave: the evanescent wave. Photon Scanning Tunneling Microscopy is essentially based on

evanescent fields. Indeed, the finite extension of about one wavelength from the investigating

surface, gives the establishment of this important device. Frustration of the evanescent field

explains why and how the diffraction limit of a conventional optical microscope can be
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surpassed. 2-D measurements of an evanescent wave will be shown, revealing interesting

phenomena in the near-field region, such as optical scattering from surface defects or dust.

After plane wave and evanescent wave detection, another test will be a source of interest: the

evanescent standing wave, presented in chapter 5. In fact, the interference of two evanescent

waves, with opposite directions, allows our instrument to be characterized. Evanescent standing

waves are a useful test “structure” because no topographical defect perturbs the detection.

Amplitude and phase measurement of the sinusoidal modulation of the field enables

investigation of the possible limitations of the device. Optical phase changes with a resolution of

1.6 nm will be presented.

In chapter 6, the main interest of this work is reported. In fact, one important goal of this

project was the understanding of the interaction of light with microstructures. Even if the

structures range in micrometric scale (with structure features Λ > λ ), the diffracted fields have

sub-wavelength features. In fact, sub-wavelength resolution measurements of the amplitude and

phase of the optical fields generated by a micrometer pitch grating will be shown in this chapter.

We will especially pay attention to the phase distribution behind the grating. Indeed, the

interaction of light with microstructures gives birth to phase singularities. These special point

phase defects, where the intensity vanishes, are a lake of interest. In fact, their position in space

can give information on the original structure. The position of phase singularities has been

measured with high resolution, even in the far-field, within 10 nm. In this chapter, we will also

contribute to the knowledge of the field conversion into an optical fiber probe. This domain is

still not well established and is often a source of confusion. In fact, the understanding of this

phenomenon will bring us to a better knowledge of image interpretation, preventing from

possible artifacts in the measurements.
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2 Optical heterodyne
detection

Since the development of the first lasers in the 1960’s [9], laser interferometry has become an

important technique to provide high accuracy measurement systems for scientific and industrial

applications. One crucial issue for interferometry is related to the electronic treatment and

analysis of the signal. In fact, the measurement accuracy depends mainly on the signal

processing (hardware and software) employed to get the phase information from the interference

signal. Interferometric measurement techniques can be placed into two categories: static and

dynamic methods [10]. Static techniques, or homodyne, work only with one optical frequency

for the interfering beams. Dynamic techniques are based on phase shifting (with two or more

frequencies) between the interfering waves.

Photodetectors are only sensitive to the energy (photon flux) and therefore not to the optical

phase. However, it is possible to measure the complex amplitude (real amplitude and phase) of

an optical signal by mixing it with a coherent reference wave of stable phase, and by detecting

the superposition with a photodetector. By shifting the frequency of the interfering waves, we get

a so called optical heterodyne detection. This technique belongs to the category of dynamic

interferometry.

2.1 Principle

The concept of optical heterodyne detection is to introduce a small frequency shift ∆f between

two interfering waves [11]. As a result of this shift, the interference of the two waves produces

an intensity modulation at the beat frequency, ∆f f f=  –1 2 , which is then detected. A typical set-

up for heterodyne detection is shown in Fig. 2.1. After separation of the laser light (of frequency

ν ) by a beam splitter (BS), the frequency of object wave O and reference wave R is shifted by

the use of two acousto-optic modulators (AOM1 and AOM2), driven at f1 and f2 , respectively.

The two modulators can also be placed in the same arm (serial) of the interferometer. In both
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cases, the resulting interference is exactly the same. The heterodyne frequency can be modified

by changing the operating frequency of the acousto-optic modulator driver.

ν

f2

Object

Photodetector
ν + f2

Laser

BS

AOM1

R

O

BS

f1

ν + f1

AOM2

i(t)

Mirror

Mirror

Figure 2.1: Heterodyne interferometer set-up.

The interference of the two monochromatic waves R and O produces a beat signal at ∆f , which

is then detected by a photodetector. The resulting interference contains the information about

both the amplitude and the phase of the optical field.

The object and reference waves can be described by the complex signals

     V A i f to o= ⋅ +( )( ){ }Re ˆ exp 2 1π ν (2.1)

andV A i f tr r= ⋅ +( )( ){ }Re ˆ exp 2 2π ν , (2.2)

with the complex amplitudes

       ˆ expA A io o o= ( )ϕ  (2.3)

and ˆ expA A ir r r= ( )ϕ . (2.4)

The total complex signal of the interference is given by V V Vo r    = + . The total intensity then

becomes

I V A A A A f f to r o r o r= = + + −( ) + −( )[ ] cos2 2 2
1 22 2π ϕ ϕ . (2.5)

After introducing I A I A f f fo o r r= = = −2 2
1 2,  ,   ∆ and ϕ ϕ ϕ= − o r , the intensity becomes

I I I I I fto r o r= + + +[ ]2 2cos π ϕ∆ . (2.6)
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The interference between the reference wave R and the object wave O produces a sinusoidal

intensity modulation at the beat frequency ∆f with the amplitude A Ao r  and the dc level I Io r+ .

The information of the object is given by the amplitude and the relative phase ϕo  at the beat

frequency ∆f and can be measured electronically by comparing it with a reference signal at the

same frequency.

2.2 Noise in photodetection

The noise of detection is mainly generated in the photodetector. The photodetector is

composed of a photodiode and an electronic circuit. Several sources of noise are present in the

process of photodetection, but the most significant are Johnson noise (or thermal noise) and shot

noise.

2.2.1 Johnson noise

The photodetector circuit is shown in Fig. 2.2. A photodiode PD converts the incoming

photons (with energy hν ) into photoelectrons which are then collected in a capacitor C of the

photodiode. A resistor R0  is introduced into the circuit (Fig. 2.2) in order to get a current i. The

RC circuit (electronic filter) introduces a limited bandwidth B for the detection. The photodiode

is supplied by a bias U and the output voltage produced by the incoming light is Uout .

PD C R0

U

hν

i

Uout

Figure 2.2: Detector circuit consisting of a photodiode PD (with a bias voltage U), a capacitor

C and a resistor R0. The output voltage is Uout .

Johnson noise (or thermal noise) is caused by the statistical behavior of the electrons

(fluctuations produced by thermal motion) in the electronic circuit. It is independent of the

detected optical power. The electrical power of the thermal noise at the output of the detector is

given by [12-14]

P kTBTN =  4 , (2.7)
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where k = ⋅ − .  1 38 10 23 J/K is the Boltzmann constant and T is the absolute temperature (in

Kelvin).

2.2.2 Shot noise

Shot noise, or quantum noise, is a fundamental limit of the nature of light and is characterized

by the fluctuation of the photons arriving at the detector. The resulting photoelectrons, produced

by the conversion of photons (with an energy hν ) into electrons, can be described by Poisson’s

statistics [15]. The variance of the shot noise is therefore equal to the mean number ne  of the

collected photoelectrons during a characteristic time interval, called integration time τ = 1 2( )B ,

where B is the detection bandwidth [15]. The ratio of the number of photoelectrons ne  created to

the number of incoming photons np  is called the quantum efficiency η = n ne p  (ηmax  = 1). The

ratio of the current i (proportional to the photoelectrons produced per unit time) and the optical

power Popt  gives the spectral sensitivity

S
i

P

e

hopt
= = η

ν
, (2.8)

where e = ⋅ − .1 602 10 19 As is the electron charge, h = ⋅ − .6 626 10 34 Js Planck’s constant and ν

is the light frequency. The variance iSN
2  of the shot noise current is given by the number of

electrons ne  generated in the photodiode and the bandwidth B through i eBnSN e
2 2= . These

electrons are produced by the conversion of photons and by the dark-current id , which is the

remaining current when the photodetector is not exposed to light (in the dark). It contributes to

the fluctuations of the detected number of electrons, and thus to the shot noise current.

Considering the photodetector circuit of Fig. 2.2, the electric power corresponding to the shot

noise, for frequencies within the detection bandwidth B, is [12]

P i R eB SP i RSN SN tot d= = +( )   2
0 02 , (2.9)

where P P Ptot r o= +  is the sum of the reference and the object power. Therefore, if the

reference power is large, the photocurrent SPopt  dominates the dark current id . In this case, the

electrical power corresponding to the shot noise at the output detector becomes

P eBSP RSN tot=  2 0 . (2.10)
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2.3 Signal to noise ratio of the heterodyne detection

 The signal to noise ratio (SNR) of the heterodyne signal is defined by the ratio of the

heterodyne signal power (ac power) to the total noise power. From Eq. (2.6), we get for the

optical power seen by the photodiode

P t P P P P fto r o r( ) = + + +( )2 2cos π ϕ∆ , (2.11)

where Po  is the optical power of the object and Pr  the optical power of the reference. This

equation expresses the signal produced in the ideal case. In reality, the amplitude of the signal is

reduced by a factor m, called the relative interference amplitude. The factor m (0 ≤ m ≤ 1) is a

characteristic of the interference quality, i.e. temporal and spatial coherence, polarization and

wave superposition. The optical power of the interference is therefore given by

P t P m P P fttot o r( ) = + +( )2 2cos π ϕ∆ , (2.12)

and the resulting output current i(t) of the photodiode becomes

i t S P m P P ft i i fttot r dc ac( ) cos cos= + +( )[ ] = + +( )2 2 20 π ϕ π ϕ∆ ∆ , (2.13)

where i SPdc tot=  is the dc current and i mS P Pac o r= 2  is the amplitude of the ac current

i t i ftAC ac( ) cos= +( )2π ϕ∆ . The electrical power of the heterodyne signal is found to be

P i R i R m S P P RAC AC ac o r= = =2
0

2
0

2 2
0

1
2

2 . (2.14)

According to the definition, we get for the electronic signal to noise ratio

SNR = =
+

  
i

i

P

P P

AC

N

AC

SN TN

2

2
. (2.15)

Heterodyne detection offers an elegant way to increase the electronic signal for a given object

power Po  (or more precisely the signal to noise ratio) up to a point where shot noise dominates

Johnson noise. In this case, we have shot noise limited detection. To get PSN  larger than PTN

(and thus to be shot noise limited), the power of Ptot  has to be enhanced by increasing the

reference power Pr  for fixed Po .

To make sure of being limited by shot noise only, the reference power has to be larger than

the minimum reference optical power Pr
min. This lower limit is derived from Eqs. (2.7) and

(2.10). In fact, for P PSN TN
min  =  and assuming that P Pr o>>  , we get
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P
kT

eR Sr
min  = 2

0
. (2.16)

By increasing Pr  so that P Pr r>  min, PSN >> PTN  and the SNR reaches a constant value of

SNR = = 



 +






  
P

P
m

h B

P P

P P
AC

SN

o r

o r

2 η
ν

. (2.17)

Assuming that m  = 1 (ideal case) and P Pr o>>   (which is always possible), the signal to noise

ratio is given by the relation

SNR =  
η
νh B

Po . (2.18)

Let us introduce ne
o , the number of photoelectrons and np

o  the number of photons corresponding

to the power Po . The number of photons received during the integration time τ = 1 2( )B  is

n P hp
o

o= τ ν  and Eq. (2.18) can be expressed by

SNR = =2
2

τη
νh

P no e
o . (2.19)

This equation demonstrates that the signal to noise ratio is only limited by the shot noise of the

object power Po . The factor of 2 with respect to direct detection is known as heterodyne gain. To

get the best SNR, η  has to be as large as possible (ηmax  = 1). This is the main reason why we

use a standard silicon photodiode (PD) rather than a photomultiplier (PM). The quantum

efficiency of a PD is larger than that of a PM (ηSi ≈  %70 , ηPM ≈  %10 ).

The bandwidth B considered so far is the bandwidth of the photodetector circuit. However,

after the detection, the bandwidth can be decreased by means of the integration time of a

spectrum analyzer or a lock-in amplifier. It is this post-detection bandwidth which is relevant for

the final SNR of the measurement. An example of measured SNR from an optical heterodyne

system with a spectrum analyzer for B = 62.5 Hz will be presented in section 3.3.

The accuracy of the amplitude and phase of the optical field can be expressed via the

measured SNR. From Eq. (2.15), the amplitude A m P P Po r o= ∝2  of the heterodyne signal,

which is proportional to the amplitude of the optical field under investigation, is proportional to

the square root of the SNR. Thus, the relative standard deviation of the amplitude is given by

δA

A

i

i SNR

N

AC

= =   
2

2

1
(2.20)

and the accuracy of the phase measurement by [16]
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δϕ = 1
SNR

. (2.21)

For example, in case of shot noise limited detection, for an object power Po  = 1 pW, a bandwidth

B = 62.5 Hz, a quantum efficiency η = 70% and a wavelength of λ = 532  nm, we get from

Eq. (2.19) ne
o = 15 000'  and a SNR of about 45 dB (Eq. (2.18)). The accuracy for the measured

amplitude is then δA A = ⋅ −6 10 3 and for the measured phase δϕ = 6  mrad ( ≅ 2 103π  or 0.33°).

It is interesting to know the limit of the optical heterodyne detection. Theoretically, the lower

limit of detection is given by SNR = 1 for the heterodyne signal. Following Eq. (2.19) this

corresponds to one half photoelectron ( ne
o =  1 2) contributed by the object power Po . Then, the

minimum detectable optical power becomes

 minP
h B

o = ν
η

. (2.22)

With the previous values B = 62.5 Hz, η  = 0.7, λ = 532 nm, the minimum detectable optical

power with heterodyne detection is found to be Po
min .= ⋅ −3 3 10 17 W. As the photon energy is

hν = ⋅ − .  3 7 10 19 J , this power corresponds to about 90 photons per second. An example of low

level signal detection is presented in chapter 4.2.2.

2.4 Conclusion

Heterodyne detection is a powerful method to measure the amplitude and the phase of an

optical field. The advantages of heterodyne detection compared with homodyne techniques

[10, 15] are several. We can always choose a sufficiently large reference power to allow shot

noise limited detection. We gain a factor 2 with respect to direct detection.  Low optical signal

can be detected (down to 10 17− W) and the optical phase can be measured with high accuracy

(down to 0.33° for an optical power Po  = 1 pW). However, measuring the phase with high

accuracy requires good optical and mechanical stability.
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3 Optical heterodyne probe
system

In this chapter, we describe the optical heterodyne probe system. A complete description of

the basic elements and devices constituting the set-up will be given. The principle of optical

heterodyne detection has been introduced in chapter 2. The main concept of the heterodyne

probe system is to combine a heterodyne dynamic interferometer with a scanning near-field

optical microscope (SNOM) in order to measure the amplitude and phase of optical fields in the

near- and far-field region. The concept of a pseudo-heterodyne scanning microscope was

introduced few years ago [17] and an attempt at making a heterodyne photon scanning tunneling

microscopy had been made [18]. However, intense activity to obtain phase measurements with

heterodyne techniques [19-21] or with other interferometric methods [22-24] has arisen only

recently. The instrument presented in detail in this chapter has been entirely developed within

the framework of this thesis. A signal to noise ratio measurement will be shown in order to

verify the characteristics of the system and the heterodyne relations of chapter 2. As a first test of

optical field measurement, we will study the amplitude and phase of a plane wave.

3.1 Description of the set-up

The complete optical heterodyne probe set-up is shown in Fig. 3.1. After separation of the

Nd:YAG laser beam (of frequency ν = 5 6 1014.  Hz) by a beam splitter (BS, ratio 96/4%), the

object beam is shifted in frequency by two acousto-optic modulators AOM1 and AOM2

(IntraAction-corp, Model AOM-40 series). The two frequencies ( f1 40 07=  .  MHz and

f2 40 00=  .  MHz) are produced by two frequency generators (Wavetek, Synthesized signal

generator, Model 2510). The electrical power of both signals is amplified up to 2 W in order to

drive the AOM. Both illumination and reference beams are injected into a single-mode fiber. The

polarization state can be controlled by a fiber polarization controller (General Photonics Corp.,

Model PolaRITE PLC-003). The object beam illuminates the sample by means of different
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configurations, presented in Fig. 3.4. The optical information is collected by a commercial bent

fiber probe, which is brought close to the sample by a commercial atomic force microscope. The

reference and object beams are combined in the fiber coupler (Wave Optics Inc., Single mode

coupler), producing a beat signal at 70 kHz, detected by a standard silicon photodiode. Since the

object power Po  is small compared with the reference power Pr , the coupling ratio of the fiber

coupler is chosen to be 90% Po  to 10% Pr . The fiber polarization controller 1 is used to get

maximum interference contrast between the object and the reference waves. During the

measurement, the polarization is stable. The photodetector is isolated electrically from the

optical table to avoid electrical noise. All ends of the fibers are cleaved at an angle of 12° to

avoid back-reflections. The optical path difference of the two arms of the interferometer should

be as small as possible to reduce the effects of limited temporal coherence. The length of each

arm can be large (geometrical path length of about 5 meters). Therefore, good mechanical

stability is required. The entire system is mounted on an optical table with vibration control. The

amplitude and phase are extracted from the output signals ( Rcosφ  and Rsinφ ) of a lock-in

amplifier (Stanford Research Systems, Model SR530). The lock-in amplifier works with an

electronic reference signal (given by an electronic frequency mixer) at the beat frequency,

coherent with the measured signal. The lock-in amplifier has a narrow bandwidth (which is

chosen to be B  = 16.7 Hz). Only the signal at 70 kHz ± 16.7 Hz is demodulated.
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Illumination 
systems

i(t)

BS

bent fiber
tip

ν +(f1- f2)
ν

∆f =  f1- f2 = 70 kHz

Signal 

Reference
Frequencies mixer

f1= 40.070 MHz

f2f1

AOM1

f2= 40.000 MHz

A
m

pi
tu

de
 &

 P
ha

se

Lock-in
amplifier

Rcosφ

Rsinφ

AFM

fiber 
injection

polarization
controler 2

AOM2

}

ν

Figure 3.1: Photon scanning tunneling microscope with heterodyne detection.

We can separate the system of Fig. 3.1 into two sections: the interferometer part, including the

laser, AOMs, fiber injections (Fig. 3.2); and the SNOM section, including the atomic force



Chapter 3. Optical heterodyne probe system 17

microscope (AFM), tip, fiber coupler, illumination and scanning system, the sample and the

detector (Fig. 3.3).

Figure 3.2: Photograph of the first part of the set-up (heterodyne interferometer) including the

laser, the beam splitter (BS), a chopper (CH), the acousto-optic modulators (AOM 1

and 2) and the fiber injections for the reference and illumination beams. The system is

enclosed in a plexiglas box.

Figure 3.3: Photograph of the second part of the set-up including the AFM, the optical

microscope, the sample holder on the XYZ scanner, the detector and another isolating

plexiglas box.
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Two separate plexiglas boxes enclose each part of the system (Figs 3.2 and 3.3). In fact, air

currents, local temperature fluctuations and acoustic noise induce fluctuations in the

interferometer. The phase accuracy, for measurement over a long time (minutes), depends

critically on the interferometer stability and has been substantially improved thanks to this

shielding. Two separate boxes have been chosen for the two sections of the set-up in order to

minimize air volumes. Silica gel plates can be introduced into the box surrounding the sample to

reduce humidity for particular applications (e.g. in section 4.2.4).

Two different configurations for the sample illumination are available in the final set-up

(Fig. 3.4). The illumination fiber output (F) is collimated to become a plane wave and the

polarization is controlled by the polarization fiber controller 2 (Fig. 3.1), a half-wavelength plate

(Η) and a Glan-Thomson polarizer (P) to get the desired illumination mode. A collimating lens

(CL) focuses the beam to increase the intensity of the illumination. However, the focus plane is

placed about 2-3 cm in front of the sample; in this case, the curvature of the spherical wave

illumination is negligible. We can expose the sample by normal illumination (Fig. 3.4 top) or by

total internal reflection (TIR) (Fig. 3.4 bottom) illumination. More detailed schemes will be

shown later. For normal illumination, the beam is directed to the sample by a 45°-mirror. For

TIR illumination, the sample is placed on a prism by means of index matching oil. Bringing the

cantilever bent fiber probe as an atomic-force microscope (AFM) [25] close to the surface, we

perturb the evanescent field (created by TIR), resulting in propagation of light in the fiber. This

process is called frustrated total internal reflection and the device working in this regime is

called a PSTM (photon scanning tunneling microscope) [26-32].

Figure 3.4: Two different set-

ups for normal incidence

illumination (top) and for total

internal reflection illumination

(bottom) with a small prism. P

is the Glan-Thomson polarizer,

CL the collimating lens, H the

half-wavelength plate, F the

illumination fiber output.
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The scanning is realized by a separate x-y-z piezoelectric closed loop translation stage (Physik

Instrumente GmbH, Model P-517-3CL). The sample with the illumination optics is mounted on

this translation stage and is moved relative to the fixed position of the tip. The scanner is a solid-

state (ceramic) actuator allowing nano-metric displacements. Since the displacement of a piezo

actuator is based on the orientation of electrical dipoles in the elementary piezo-material cells,

the resolution depends on the electrical field applied and is theoretically unlimited. In practice,

the resolution can be limited mainly by piezo amplifier noise. The resolution of the step

displacement in the z-direction is 0.1 nm and 1 nm in the x- and y-directions.

3.2 Instrumentation

3.2.1 Laser

The laser which has been mainly used is a 150 mW single mode (TEM00) frequency-doubled

Nd:YAG diode-pumped solid-state laser ( λ =   532 nm) (Coherent Inc., Model COLCOMPASS

315M-150). A 1 mW single mode frequency-stabilized He-Ne laser ( λ =   633 nm) (ReniShaw,

Model SL10) laser has also been used. Both of these lasers have a long coherence length

( lNd:YAG> 60 m and l eHe N− > 300 m) and are stable in intensity.

3.2.2 Detector

The detector of Fig. 3.5 consists of a silicon photodiode (Vishay Telefunken, Model BPW 34)

followed by a transimpedance amplifier circuit, using a high-speed and low current noise

operational amplifier (Burr-Brown, Model OPA 602).

PD

OPA

C0

R0

U

hν

i = SPopt

Uout

+

–

C

Rout

Figure 3.5: Detector circuit consisting of a standard PIN photo-diode (PD) followed by a

transimpedance amplifier (operational amplifier OPA).



20 Optical heterodyne probe system

The photodiode is supplied by a bias U = 15 V. The capacitor C  takes into account the

photodiode capacitance Cd =  15 pF and the amplifier input capacitance Ca =  3 pF

( C C Cd a= + ). A serial resistor ( Rout =   50 Ω) is added at the output of the detector to adapt its

impedance to the 50 Ω impedance of the coaxial-cables used. If the input impedance Rin  of the

measuring devices (oscilloscope, lock-in amplifier or spectrum analyzer) is large compared with

Rout , the input voltage measured by the device is the same as the voltage at the output of the

detector. The total resistance R R RL in out= +  is called the load resistance.

The photocurrent of the photodiode is given by

i SPopt  = , (3.1)

where Popt  is the incident optical power and S the response (spectral sensitivity) of the silicon

photodiode; S =  .0 4 A/W at λ =   633 nm and S W=  .  /0 33 A  at λ =   532 nm. Since the

photocurrent i is small, an amplifier circuit is needed to detect the signal in a convenient way.

The operational amplifier also controls the voltage at the photodiode boundary and regulates the

current flux through the feedback resistance R0
54 7 10= ⋅ .  Ω . The contribution of the noise by

the amplifier can be neglected because it is smaller than the thermal noise of the feedback

resistor R0  at T = 300 K. In this case, the SNR at the amplifier output is the same as at the

photo-diode output. A feedback capacitor C0 1 5  .=  pF  is added to minimize phase distortion of

the frequency response at the cut-off frequency.

The relation between the measured dc voltage at the output of the detector and the incident

optical power is given by

U SR Pout opt  = 0 . (3.2)

The output voltage ranges from 0 to 10 V. If the optical power is modulated at a frequency ω/2π,

the output voltage of the transimpedance amplifier can be expressed by [10]

V S Pout optω ω ω( ) = ℜ( ) ⋅ ⋅ ( )  , (3.3)

where ℜ( )ω  is the transfer function of the detection circuit. The frequency response ℜ( )ω  of

the specific detector (of Fig. 3.5) was measured using a modulated light emitting diode (LED).

By varying the frequency of the LED current between 104  Hz  and 107  Hz, we acquired the

frequency response of the detection circuit with a spectrum analyzer (Hewlet Packard, Model

4195A). The result is shown in Fig. 3.6. The detector pass-band (at –3 dB) is 300 kHz. The beat

frequency has been chosen at 70 kHz which is well below the cut-off frequency. The response

Uout  to an optical input power Popt  is then given by U R SPout opt= 0 . Calculation of the

amplification gain of the detector with the given parameters agrees with the measurement.
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Figure 3.6: Measured detector normalized frequency response. The detector pass-band (at

–3 dB) is 300 kHz.

Taking into account the feedback resistor R0  and the load resistor RL , Eq. (2.7) for thermal
noise becomes

P k T B
R

RTN
L

= ⋅ ⋅ ⋅ ⋅4 0 (3.4)

In Fig. 3.7, we measured the noise level of the detector in the dark with a FFT spectrum analyzer

(Stanford Research Systems, Model SR770 FFT Network Analyzer), with an input impedance of

Rin =   1 MΩ  and working in the frequency range of 0 to 100 kHz). With R0 470=  kΩ,

RL ≅ 1 MΩ  ( Rout =   50 Ω), B = 62 5.  Hz and T = 300 K, the calculated electric power

corresponding to the thermal noise is PTN = ⋅ − 5 10 19  W.

The FFT analyzer measures the spectrum in dBV units (U U UdBV V ref= ( ) log20 ), where UV

is the input voltage of the signal and Uref = 1 V is the reference voltage. The corresponding

electric power is obtained through

P U RU
ref L

dBV= 





⋅( ) /10 10 2 . (3.5)

The measured electric power corresponding to the thermal noise of the detector is

PTN = ⋅ −  1 10 18 W  (Fig. 3.7). The measured noise power is a factor 2 larger than the calculated

thermal noise power, which is quite satisfactory.



22 Optical heterodyne probe system

 

6
10-18

2

4
6

10-17

2

4
6

10-16

T
he

rm
al

 n
oi

se
 p

ow
er

 [
W

]

76747270686664
Frequency [kHz]

B= 62.5 Hz

Figure 3.7: Measured electric noise power (around 70 kHz) of the detector without optical input

(analyzer bandwidth of B = 62.5 Hz).

3.2.3 AFM/PSTM microscope and fiber probes

Approach of the probe to the sample is controlled by a commercial atomic force microscope

(AFM) (Park Scientific Instruments, Model BioProbe) (Fig. 3.3). A laser diode beam is deflected

by a mirror (M1) and focused on the top of the fiber cantilever. Then, the beam is deflected by

the cantilever and directed by a second mirror (M2) onto a four-quadrant position-sensitive

photodetector (PSPD) (Fig. 3.8). The PSPD can measure displacements of light as small as 1 nm.

Usually, flat silicon cantilevers with pyramidal tips are used. Due to the cylindrical shape of the

fiber, the beam reflected from the fiber cantilever spreads out in a line perpendicular to the fiber.

The displacement of this line light is measured with good accuracy by the detector. As the tip

approaches the surface, inter-atomic forces (van der Waals repulsion forces [33]) between the tip

apex and the surface cause the cantilever to bend, deflecting the laser beam. The position of the

deflected signal is sent to computer feedback to control the approach before touching the surface.

a) b) 

Laser
diode

AFM 
detector

Sample
Cantilever

M1M2

Figure 3.8: a) Atomic-force microscope (AFM) head and b) AFM regulation mechanism.

In general, atomic-force microscopes are used to image the surface topography on an atomic

scale by scanning a sample area. However, we did not use the fiber cantilever for this purpose. In
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fact, fiber cantilevers are quite bad AFM tips, because of their rigidity. The force constant is

about 4 N/m compared with 0.02 N/m for a typical silicon cantilever. However, the AFM

regulation allows control of the approach of the fiber probe to the surface. Once the approach

done, the feedback control of the AFM is switched off and scanning is carried out at constant

height above the surface.

In conventional photon scanning tunneling microscopes (PSTMs), the sample is illuminated

by total internal reflection. The tip-sample distance approach is controlled by the optical

measurement of the exponential rise of the evanescent wave above the sample. By combining the

AFM approach system with the PSTM optical detection (of the evanescent field), the resulting

device gives birth to the AFM/PSTM microscope [34-36].

The probes used in this work are bent fiber tips, made from single-mode fibers (3.4 µm mode

diameter), with a Germanium doped core of 3 µm diameter and a pure silica cladding of 125 µm

diameter [37]. The working wavelength is 515 nm and the cut-off wavelength is 460 nm

(± 40 nm). The fiber end is bent by laser heating in order to be used as a conventional AFM

cantilever. The cantilever is 400 to 500 µm long and the curved part is 120 to 200 µm (Fig. 3.9a).

The fiber apex is heated and pulled to produce sharp tips (Fig. 3.9b). A thin metal layer is then

deposited on the fiber probe and covers the apex of the tip entirely.

a)

400-500 µm

12
0-

20
0 

µm

           b)  

Figure 3.9: Apertureless bent fiber tip. a) Image of the bent fiber cantilever glued to a silicon

plate. b) SEM image of the tip apex.

The metal thickness (about 20-50 nm) determines the aperture at the apex. In Fig. 3.10a, we

present a 2-D model of the tip apex using commercial software MAFIA4 [38, 39]. The apex has

been modeled by a hemispherical shape. The core of the probe is a dielectric material (glass of

dielectric constant εdiel =  .2 25) and the apex has an internal curvature radius of r =  50 nm .

The dielectric apex is coated with Chromium ( εCr i= − + ⋅ . .12 3 24 5 at λ =  .516 6 nm  [40]).

The apex has an external curvature radius of R =  70 nm  so that the metal thickness is 20 nm at

the end of the tip. Chromium is preferred to Aluminum because Al forms large aggregates of

particles and the apex is not always well defined. In this model, we see that the light tunnels
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through the metal layer and determines a well-defined light localization. In Fig. 3.10b, a cross-

section of the electric field (indicated by “b” in Fig. 3.10a) is shown. We can see the extension of

the field at the apex. The full-width at half maximum (FWHM) gives the “aperture” of the tip,

which is about 16 nm.
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Figure 3.10: 2-D modeling of a fiber tip entirely coated with Chromium using MAFIA4

software. a) Amplitude of the electric field (y-polarized) is shown (in gray scale). b)

Cross-section of the intensity (indicated by “b” in Fig. 3.10a). The FWHM defines an

aperture of 16 nm.

In Fig. 3.11, we present a fiber tip model (with the same properties as before) with an

aperture. The apex has been cut in order to make a physical hole of 80 nm. We observe that the

field is not better defined than in the previous case. In fact, we can see two halos at each part of

the metal extremity.
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Figure 3.11: 2-D modeling of a

fiber tip coated with Chromium

metal using MAFIA4 software.

Amplitude of the electric field (y-

polarized) is plotted (in gray

scale). A hole has been opened at

the apex (with an aperture of

a = 80 nm).
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These tip models demonstrate clearly that no physical hole is required in near-field fiber

probes.

3.2.4 Signal processing and acquisition

The signal processing is mainly performed with a lock-in amplifier (Stanford Research

Systems, Model SR530). The two quadrature signals of the electrical input signal (proportional to

the optical beat signal) with respect to the reference signal (at the beat frequency of 70 kHz) are

obtained from the analog outputs ( Rcosφ  and Rsinφ ) of the lock-in amplifier. The amplitude

and the phase are then extracted from these two signals by numerical calculation (Eqs. (3.13) and

(3.14)). The range of the output signals is 0-10 V. The full-scale sensitivity ranges from 100 nV

to 500 mV. The input impedance of the signal is Rin =  100 MΩ  with a frequency range from

0.5 Hz to 100 kHz. The noise voltage specification for the SR530 model is 7 nV/ Hz  at 1 kHz.

The measured thermal noise (Eq. (3.4) and Fig. 3.7) of the detector is PTN = −10 18  W with

RL = 1 MΩ  and B = 62.5 Hz. The corresponding voltage noise density is then

U

B

R P

B

N L TN
2

= .  (3.6)

With the same RL  and B we get 0 1.  V Hzµ , which is much larger than the voltage noise

density of the lock-in amplifier. Thus, the noise of the lock-in amplifier is negligible.

The signal acquisition can be accomplished in different ways. If the scan is controlled by the

AFM commercial software, the two signal outputs of the lock-in amplifier are sent to the AFM

electronics through a signal access module (SAM). The driving AFM software (“Dp.exe”

software of Park Scientific Instruments) saves the two inputs (channels Raw1AM2 and

Raw1AM3) into non-standard “hdf” (hierarchical data format) files. These files are converted

into simple text format files (using “ScanActiveX”). Then, with e.g. Matlab, an image is built

from the data.

In the final set-up configuration, where the scanning is done by an external x-y-z piezoelectric

translation stage, the signal is acquired with software written in Labview (cf. chapter 8.1). The

tip approach is done by means of the AFM software. Then, the AFM electronics feedback is

switched off and the raster scan, as well as the image acquisition, is accomplished by the

software. A linear voltage ramp is applied to the piezo-stage to scan in one direction and the data

acquisition is performed simultaneously. The number of samples Ns, the scan dimension Ds  and

the integration time τ  of the lock-in amplifier are chosen. For each sampling point, the signal is

acquired during τ , which is typically 10-30 ms. Thus, the time needed to scan one line is
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T Ns= ⋅ τ . (3.7)

The scanner displacement Ds  in one direction (e.g. in the x-direction) is synchronized with the

scan time T. For instance, for a number Ns of 128 pixels, scanning on one line will take 3.8

seconds. For a 2–D image (128 x 128 pixels), the acquisition will take about 8 minutes.

3.3 Signal to noise ratio of the heterodyne detection

We will show a measurement of the signal to noise ratio with the system of Fig. 3.1. As an

example, we send the object beam (without sample) directly to the fiber tip and measure the

SNR. The laser is a 1 mW He-Ne frequency stabilized laser ( λ =   633 nm). The photodetector

is the same as described in section 3.2.2 ( R0  = 470 kΩ, η = 70%, S = 0.4 A/W at λ =   633 nm).

From Eq. (3.4), we have calculated for these parameters the thermal noise to be

PTN = ⋅ − 5 10 19  W (at RL = 1 MΩ  given by the input impedance of the spectrum analyzer).

From Eq. (2.16), the minimum required power for the reference to get shot noise limited

detection is Pr
min  .= 0 275 Wµ  (at T = 300 K). We have chosen Pr  = 1 µW.

The object power has been determined independently to be Po= 15 pW. It has been measured

by blocking the reference beam and using the lock-in amplifier with a chopper (Fig. 3.2)

(Stanford Research Systems, Model SR540) to modulate the laser intensity.

Taking into account the load resistor RL , we get with Eq. (2.10) for the electric noise power

corresponding to the shot noise

P eBSP R
RSN tot

L
=  2 0

2
. (3.8)

With P Ptot r≅ = 1 Wµ , B = 62.5 Hz and RL = 1 MΩ, the shot noise power is PSN = ⋅ −1 8 10 18.  W.

The ac signal power of Eq. (2.14) at RL becomes

P m S P P R RAC r o L=  2 2 2
0
2 . (3.9)

By assuming m = 1, the expected ac signal power is found to be PAC = ⋅ − 1 10 12  W . By dividing

Eq. (3.9) by Eq. (3.8), the theoretical signal to noise ratio is 57.5 dB.

The measured spectrum of the heterodyne signal corresponding to Po =  15 pW is presented

in Fig. 3.12. The measured electrical power corresponding to the heterodyne (AC) power and the

shot noise power are PAC = ⋅ − .3 3 10 12  W and PSN = ⋅ − .5 3 10 18  W, respectively. The

corresponding measured signal to noise ratio is then 57.9 dB and agrees well with the theory. In
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fact, the difference of 0.4 dB corresponds to a factor 1.1 between the measured and the

calculated P PAC SN  ratio. The difference probably comes from the error in measuring the

absolute power of the object power Po . The difference corresponds to an object power of about

17 pW. It is difficult to measure a low optical power with a precision of better than 10%.
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Figure 3.12: Measured heterodyne spectrum at the center frequency of 70 kHz. The measured

signal to noise ratio of 57.9 dB agrees well with the theoretical value of 57.5 dB.

From Eq. (2.21), we get that the measured signal to noise ratio of 58 dB for an optical power

of 15 pW allows a phase resolution of 0.07°. This result expresses the extreme quality of phase

measurements obtainable using heterodyne interferometry.

3.4 Amplitude and phase measurements

The complex amplitude of the optical field sampled by the fiber tip is given by

V t A i i t( , ) ( )  exp  expx x x= ( )[ ] ( )φ ω . (3.10)

where A( )x  is the amplitude and φ( )x  is the phase. In most photon scanning tunneling

microscopes, only the intensity I = |A |2 is measured. However, because we use heterodyne

detection, direct measurement of the amplitude and the phase is possible. Using synchronous

detection of the heterodyne signal with a lock-in amplifier, we get the two electronic output

signals

S a( ) ( )  sin ( )x x x= φ  and (3.11)

C a( ) ( )  cos ( )x x x= φ . (3.12)
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where a( )x  is proportional to the optical amplitude A( )x . From S( )x  and C( )x , a( )x  and φ( )x

can be calculated. The amplitude is obtained through

a C S( )  ( )x x x= ( ) +2 2 , (3.13)

and the phase through

φ( )  x x
x= ( )

( )






atan2 S
C , (3.14)

where the function atan2 is the four quadrant arctangent of the real parts of the elements of S x( )
and C x( ), delimited by − +[ ]π π,  .

Besides the fact that coherent detection allows the phase of the optical field to be determined,

we also get an increased dynamic range. This increase is due to the fact that the amplitude a( )x

of the electrical signal is proportional to the amplitude A( )x  of the optical field, rather than to

the intensity A 2 . In addition, we can always get shot-noise-limited detection, even with a

photodiode, if Pr  is chosen to be sufficiently large to overcome the electronic noise (section 2.3).

3.4.1 Amplitude and phase measurement of a plane wave

As a test of the heterodyne scanning probe microscope we measured the amplitude and the

phase of a plane wave. By sending the object beam directly to the fiber tip with an incident angle

θ  (compared to the z-direction), we measured the optical amplitude and phase by varying the

position of the tip in the z-direction.

A plane wave propagating in air is described by

E z t E i kz kx i to( , ) exp cos sin exp( )= − + +( )[ ]θ θ ϕ ω0 , (3.15)

where E0  is the amplitude, k the wave number and ϕ0  the phase shift. As a function of z, the

amplitude is constant ( E0) and the phase is

φ θ ϕz kz( ) = +  cos 0 . (3.16)

The measured amplitude and phase as a function of z are presented in Fig. 3.13. In the ideal

case, when the incoming beam is perfectly parallel to the tip movement (i.e. θ = 0), the period

for the phase is λ . In our measurement we had θ = ° 25 , which gives a period of

Λ = =λ θcos  586 nm (Fig. 3.13b).
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Figure 3.13: 1-D measured plane wave a) amplitude and b) phase. Doted curves are

experimental measurements and the solid lines are the calculated functions.

The measured phase fits very well the theoretical curve (Eq. (3.16)), but the measured

amplitude shows an unexpected periodic modulation. This can be explained by an interference

phenomenon in the system. During the measurement, another beam is reflected (or scattered) and

the tip detects the interference.

The interference of two plane waves of same frequency and with intensities I1 and I2 ,

respectively, can be described as Eq. (2.6), but in the space domain instead of the time domain.

The total intensity of the interference can be expressed by

I I I I I z= + + +( ) cos1 2 1 22 2π ϕΛ ∆ (3.17)

where I I Idc1 2+ =  is the dc level, 2 1 2I I Iac=  the amplitude of the intensity modulation, Λ  the

interference modulation period and ∆ϕ  is the phase difference.

From the measured amplitude (Fig. 3.13a), we get the dc level I I Idc = + =1 2 7 45.  (a.u.) and

I I Iac = =2 0 941 2 .  (a.u.)  amplitude of the optical signal (Fig. 3.14a). We can thus calculate the

respective intensities to be I1 7 42=  .  (a.u.) and I2 0 03= .  (a.u.). The intensity ratio of the two

interfering waves is I I2 1 0 4= . %. The visibility of the interference, defined by

Γ =
+

2 1 2

1 2

I I

I I
(3.18)

is then 3%. We can thus conclude that even with a small visibility, the interference is well

detected thanks to heterodyne detection.
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Figure 3.14: Plane wave measurement. The plain curve is the calculated interference and the
dotted curve is the measured a) intensity modulation with the ac and dc levels, Idc  and

Iac , respectively. b) Unwrapped phase.

A two-dimensional scan (in the X-Z plane) is presented in Fig. 3.15. This type of 2-D scans

are often used throughout this work. We will show in chapters 4 and 6 such 2-D measurements

in more detail. The propagation of a plane wave, given by the phase, becomes more clearly

visible in this representation.
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Figure 3.15: Two-dimensional scan 2 by 2 µm (X-Z plane) of a plane wave amplitude (gray-

scale) and iso-phase lines. The gray scale for the amplitude of a) is expanded in b) to

emphasize the intensity variations.

The iso-phase lines in Fig. 3.15 allow to see the phase fronts of the wave field. In fact, the tilt

angle θ becomes more evident in this representation. Besides this, we can also observe a small

curvature of the wave fronts due to the collimating lens (section 3.1 and Fig. 3.4).
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3.5  Conclusion

In this chapter, the complete optical heterodyne probe system has been presented. This system

allows amplitude and phase measurements of propagating or non-propagating optical fields. The

main concept of the heterodyne probe system is based on the combination of a heterodyne

interferometer with a scanning near-field optical microscope. All main components of the set-up

have been presented. Comparison of the calculated and the measured noise of the detector

proved that the heterodyne detection is shot noise limited. We have measured a signal to noise

ratio of 58 dB for an optical signal power picked up by the fiber tip of only 15 pW, allowing a

phase resolution of 0.07° (B = 62.5 Hz). As a first test, we measured the amplitude and the phase

of a plane wave, which is the simplest optical field. We have also demonstrated that a physical

hole is not necessary to build working near-field probes. The light can tunnel at the tip through a

thin (about 20-50 nm) metallic coating.
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4 Evanescent optical field

For many years, information transfer analysis by conventional optical microscopes has been

based on the propagating wave concept. However, evanescent waves can give a new dimension

to microscopy because of the increase in the resolution power [41] available to investigate

structures which are becoming more and more miniaturized. A better understanding and

consequently a better utilization of optical components is a consequence of the knowledge of the

near-field of these optical components. The optical near-field is essentially characterized by

evanescent waves, because of their non propagating behavior. We can speak of “near”-field

when the field penetration in a medium is smaller than the wavelength, which is the case with

evanescent waves. A slight perturbation in the near-field region can produce notable

consequences for the field that propagates far from the object. This is a reason why we

investigate the field near the object and in particular, in this chapter, the evanescent field. We

can produce such waves by total internal reflection, diffraction by a small aperture, diffraction by

a grating and diffraction in a waveguide for instance. Before analyzing the near-field of complex

optical systems, it is necessary to study one simple configuration. In this chapter, we will mainly

discuss evanescent waves caused by total internal reflection, because this is one of the easiest

ways to produce them.

4.1 Photon tunneling

In this chapter, we will explain the concept of photon tunneling introduced in section 3.2.3

with the Photon Scanning Tunneling Microscope. This concept is rigorously bound with total

internal reflection and, more precisely, with the frustration of total internal reflection.
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4.1.1 Total internal reflection

Let us consider two media of refractive index n1 and n2. A plane wave illuminates the

interface of the two media with an incident angle θ1. If n n1 2<  , there is always a refraction of

the light (Fig. 4.1a). This means that the incoming beam will be split into a reflected beam, and a

refracted (transmitted) beam in the second medium with a direction of propagation given by the

Snell-Descartes law [42], or also called refraction law [43]:

n n1 1 2 2sin sinθ θ=  , (4.1)

where θ2 is the angle between the refracted wave and the normal at the interface.

Let us now consider the opposite case where n n1 2>  . The Snell-Descartes law allows a

refracted wave only as long as the angle of incidence is smaller than a critical angle (Fig. 4.1b)

sin  θc n n= 2 1 . (4.2)

If this limit is exceeded, propagation of the transmitted wave is no longer possible and all the

light is reflected (Fig. 4.1c). This phenomenon is called total internal reflection.
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n1> n2

Figure 4.1: a) Refraction of a plane wave from a refringent medium to a more refringent

medium. Refraction of a plane wave from a refringent medium to a less refringent

medium b) in normal refraction (θ θ1 < c) and c) in total internal reflection (θ θ1 > c).

We usually speak of TE (transverse electric), or s-polarization, when the electric vector   
r
E  of

the incident plane wave is normal to the incident plane and TM (transverse magnetic), or p-

polarization, when   
r
E  is parallel to the incident plane. Let us describe the system in Fig. 4.2 with

  

r
ki ,   

r
kr ,   

r
kt  the incident, the reflected and the transmitted wave vectors, respectively. The

refractive index n1 is higher than n2 and the angle of incidence θ  is larger than θc .

In total internal reflection, the refracted wave vector has a real component in the x-direction

and a purely imaginary z-component. Thus, the transmitted wave propagates parallel to the

surface (i.e. along the x-axis) and is attenuated in the z-direction. In this case, we get an

inhomogeneous plane wave or an evanescent wave.
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Figure 4.2: Total internal reflection scheme a) in TE-mode and b) in TM-mode illumination. In

TM-mode, the electric field   
r
E is decomposed in two components in the plane of

incidence: 
  

r
Ep

n normal component, parallel to the x-direction and 
  

r
Ep

t  the tangential

component, parallel to the z-direction.

Let us now consider the evanescent field in medium n2 (z ≥ 0). The boundary conditions

associated with Maxwell’s equations at the interface between the two homogeneous media with

refractive indices n1 and n2 (in the z = 0 plane) have to be preserved [44]. Taking the boundary

conditions into consideration, we get for the z-variation of the evanescent electric field in

medium n2 for s-polarization [45]

  

r r
E z E

i n
z d es s

i
p y( ) =

+ −
−( ) 

cos

cos sin
 exp  

2
2 2

θ
θ θ

(4.3)

where n n n=  2 1  is the relative refraction index and for p-polarization,

  

r
r r

E z E
i n e e

n i n
z dp p

i x z

p( ) =
− − +[ ]

+ −
−( ) 

cos  sin  sin

cos sin
 exp

2 2 2

2 2 2

θ θ θ

θ θ
. (4.4)

where θ is the incident angle, Es p
i
,  the amplitude of the electric field at z = 0 and 

  
r r r
e e ex y z,  ,  ( )

are the normalized vectors of the x-y-z-direction. Equations (4.3) and (4.4) describe an

exponential decrease of the evanescent amplitude in the media n2 with a penetration depth of

d
n n

p =
−

 
sin  

λ
π θ2 1

2 2
2
2

. (4.5)

The penetration depth expresses the values of z where the amplitude of the electric field Ei  has

reduced by a factor 1/e. The variable dp is independent of the polarization of the incident light

and decreases with increasing θ . For instance, if λ =  532 nm , n1 1 5= .  (glass), n2 1=  (air), the

critical angle is θc = ° .41 8 . By taking an angle of incidence of θ = ° 45 , the penetration depth

is dp = 239 nm. For an incident angle of θ = ° 80 , the penetration depth is dp = 78 nm .
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Figure 4.3 shows the amplitude of the exponentially decreasing evanescent electric field with

increasing distance from the interface (in TE-mode and TM-mode).
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Figure 4.3: TE-mode (plain curves) and TM-mode (dashed curves) of the amplitude of an

evanescent wave for λ = 532 nm and n = n2/n1 = 0.68. a) θ = 45°, dp= 239 nm. b)

θ = 80°, dp= 78 nm.

4.1.2 Frustrated total reflection

The mean energy associated with an evanescent wave is given by the Poynting vector

  
r r r
S E H= ×  . Energy flows in the x-direction, parallel to the surface, but not in the z-direction

because the Poynting vector in z is imaginary [44]. To access this energy, it is necessary to

transform one part of this evanescent wave into a propagating wave (  
r
kt ) which is then

detectable. Let us look at Fig. 4.4 to understand the transfer of the light to a third medium. The

incident wave (  
r
ki ) is totally internal reflected (  

r
kr ) at the interface between the media n1 and n2.

By approaching a third medium n3  close to the surface, the evanescent wave is frustrated and a

wave propagates into the third medium with a wave vector   
r
kt . This process is called frustrated

total reflection. Newton made such an experiment by approaching a lens close to a prism. He

observed that the area where the light was transmitted into the lens was larger than a simple

contact point [46].
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Figure 4.4: Total electric field of the frustrated total reflection process in TE-polarization. On

the right, the profile in the z-direction is plotted. These calculations were carried out

using the FMM (see chapter 6.1.3) method for λ = 532 nm , θ = 45°, n n1 3=  = 1.5

and n2  = 1.

If we assume n n1 3=  , the complex amplitudes Es
3  and E p

3  of the electric fields in the third

medium at z ≥ d  for s- and p-polarization respectively, are given by [46]

E d
in k

d iA d
Es p

s p

s p
3

1
1

,

,

, 
exp cos

cosh  sinh
( ) = ( )

+
θ

κ κ
, (4.6)

where Es p
1

,  are the incident amplitudes of the electric field, θ  is the incident angle, κ =  1 dp

and d is the distance between media 1 and 3. The factors As p,  are

As =  cotan2φ  (4.7)

for s-polarization, with

tan  
sin  

cos
φ

θ
θ

=
−n n

n
1
2 2

2
2

1
(4.8)

and

Ap =  cotan2Φ , (4.9)

for p-polarization, where

tan  
sin  

cos
Φ =

−n n n

n
1 1

2 2
2
2

2
2

θ
θ

. (4.10)
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From Eq. (4.6), the normalized electric field amplitudes in medium 3 are then given, for both

polarizations, by

E E
d A d

s p s p

s p
3 1 2 2 2

1, ,

,

 
cosh  sinh

=
+κ κ

. (4.11)

From Eq. (4.6) we also get

         E d
A i A

A
Es p s s

s p

s p
3 2 2 2 1

,

,

, 
cos cosh sin sinh  sin cosh cos sinh

cosh  sinh
( ) =

+[ ] + −[ ]
+

α β α β α β α β
β β

, (4.12)

where α θ=  cosn k1  and β κ=  d . From this equation, we can deduce the phase as

tan ( )  Im Re  
sin cosh cos sinh
cos cosh sin sinh

, ,φ α β α β
α β α β

d E d E d
A

A
s p s p s

s
= ( ){ } ( ){ } = −

+3 3 . (4.13)

The amplitude of the electric field at the interface between the air and the third medium

depends on the wavelength λ, the thickness d of the second medium and the incident angle θ.

The variation of the field with distance is no longer exponential as in the total internal reflection

case (Fig. 4.5). This is due to coupling between the two media at small distances. The slope at

the interface (z = 0) is zero.
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Figure 4.5: Frustrated total internal reflection a) amplitude and b) phase of TE-mode (plain

curves) and TM-mode (dashed curves) for different incident angles (θ = 45° and

θ = 80°) and with λ = 532 nm, n1 = n3 = 1.5 and n2 = 1.

4.1.3 Frustrated total reflection in more complex systems

The most basic form of frustrated total reflection is based on three media only. Study of more

complicated systems generally has to consider more media. In frustrated total reflection, the
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frustrated light intensity in the third medium decreases with the distance between the media 1

and 3. If we put a fourth medium in the system, the behavior can be strongly perturbed. It has

been shown that the frustrated intensity is a periodic function of the thickness of the second

media [47].

If we consider a metallic layer (e.g. Chromium layer of 30 nm thickness, with a complex

refractive index of n iCr = − + .  .12 3 24 5 at λ = 516.6 nm [40]) at the surface of the third

medium, a system with up to four different refractive indices is created. Figure 4.6 shows the

frustration of the total internal reflection with four different media.
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Figure 4.6: Optical tunneling effect in a four media system. Calculations have been made using

the FMM model for λ  =  532 nm, θ  = 45°, n n1 4=  = 1.5, n2  = 1 and

n3= (–12.3 + i 24.5).

Even if the amplitude of the transmitted field in the fourth medium is weak, the evanescent

wave is transmitted into a propagating wave in the last medium and becomes then detectable at

large distances. The system can be extended to five media by coating the surface of the medium

n1 with another metal layer for instance.

In the special case where media 2 and 4 are the same, the maximum of the transmission in the

last medium can be equal to 1 and does not necessarily correspond to a zero thickness of air

(medium 2). The maximum of the transmission is a periodic function of the thickness of medium

2 and describes the system resonance [48].

4.2 Measurement of frustrated evanescent waves

In this section, we will present 1-D and 2-D measurements of the amplitude and phase of an

evanescent wave produced by total internal reflection. Thanks to these measurements, we will
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see the physical limitations of heterodyne detection. The amplitude of an evanescent wave

decreases (quasi-) exponentially with increasing distance from the surface where the total

internal reflection is produced. At large distances, the amplitude is very low (nearly zero). The

limit to the detection of this low amplitude will give us the sensitivity of our detection system.

The minimum detectable optical power is limited by the shot noise power (section 2.3), i.e. when

the signal to noise ratio is equal to 1.

4.2.1 Set-up and measurements

The set-up for evanescent wave measurements is presented in Fig. 4.7a. From the illumination

fiber, the light is collimated to a plane wave. The polarization of the light is controlled by a fiber

polarization controller, a quarter waveplate and a Glan-Thomson polarizer. The evanescent wave

is created by total internal reflection (TIR) in the prism. The entire optical system is mounted on

a x-y-z translation stage (section 3.1). We illuminate the internal surface of a prism at an angle

θ θ1 41 5> = °c . . The refractive index of the prism is n1 1 5=  . ; n2 1=   is the refractive index of

the air and n3  is the refractive index of the tip ( n3 1 5=  .  if the probe is a dielectric fiber tip).
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Figure 4.7: a) Set-up for evanescent wave measurements using total internal reflection in a

prism. b) The fiber tip converts the evanescent wave into a propagating wave by

photon tunneling.

By approaching a fiber tip to the surface (Fig. 4.7b), the evanescent field is converted into a

propagating wave in the fiber. Frustrated total internal reflection is concerned with a change of

refractive index and occurs in PSTM by the introduction of a probe tip (medium n3) close to the

boundary. The distance dependence of the measured amplitude reveals the expected quasi-

exponential decay of the evanescent wave (Fig. 4.8). Although the tip is modeled here by a semi-

infinite plane (Figs 4.4 and 4.6), it yields, in spite of its simplicity, information on the distance

effect of the evanescent field frustration. Thus, if the perturbation of the tip is week, the

measured field is the evanescent field itself. The exponential curve agrees well with the theory.
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Figure 4.8: TE-polarized measured (dotted curve) and calculated (solid curve) amplitude of an

optical evanescent wave versus the tip-surface distance (λ = 532 nm, θinc = 50°) on a

linear scale.

The situation in Fig. 4.7b is system with three media (Fig. 4.4) composed of a prism, air and

fiber probe. By coating the tip with a metal layer for instance, it becomes a four media system

(Fig. 4.6).

In order to have an idea of light magnitude detected, it is necessary to calibrate the voltage

coming from the detector Uin  into an absolute optical power Po . In this case, we will see the

quantitative limitation of optical power detection. In section 3.2.4, we presented the properties of

the lock-in amplifier. We will show how the signal from the detector is processed through the

lock-in amplifier (Fig. 4.9).
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Figure 4.9: Detection scheme for the heterodyne signal from the detector, which is processed by

the lock-in amplifier. The oscilloscope is used to measure the dc level.

The signal at the output of the detector, as obtained from Eqs. (2.12) and (3.2), is a sinusoidal

voltage

U t U U ftdc ac( ) cos= + +( )2π ϕ∆  (4.14)
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composed of a dc offset

U SR P Pdc r o= +( )0 (4.15)

and of an ac part with amplitude

U mSR P Pac r o= 2 0 . (4.16)

Since P Pr o>> , the optical power Pr  corresponding to the reference can be obtained from Udc ,

measured with an oscilloscope (Hewlet Packard, Model 54600A, input impedance Rin  = 1 MΩ).

The lock-in amplifier processes only the ac part of the signal. The two output signals of the

lock-in amplifier ( Rcosφ  and Rsinφ  of Fig. 4.9), measure directly the two quadrature

components Uac cosϕ  and Uac sinϕ  in Eq. (4.14). These components contain all the information

of the measured optical field.

From Eq. (4.16), we get the optical power corresponding to the field detected by the probe,

P
U

m S R P

U

m SR U
o

ac

r

ac

r

= =
2

2 2
0
2

2

2
02 2

, (4.17)

where Ur  is the dc voltage of the detector output measured for the optical power Pr  of the

reference and Uac
2  is obtained from R Rcos sinφ φ( ) + ( )2 2 . As R0  and S are known, assuming

that m = 1 and measuring the voltage of the reference Ur , we get the conversion of the measured

ac voltage amplitude into an optical power. It is interesting to see that Eq. (4.17) is independent

of the load impedance RL  and the post-detection bandwidth B. For the following experiments,

the measured Uac  has been converted into the optical power collected by the tip using Eq. (4.17)

with Ur = 1 3.  V, R0 470=  kΩ, S = 0 33.  A W  and m = 1. The integration time τ  of the lock-in

amplifier has been chosen to be τ = 10 ms. The corresponding post-detection bandwidth is

therefore B = =−( )2 501τ  Hz.

The theoretical prediction of the frustrated total reflection (Eq. (4.11)) and the measurements

are shown in Fig. 4.8 on a linear scale. In Fig. 4.10, the corresponding optical power of the

measured amplitude is plotted on a logarithmic scale to view better the variations at low level.

The theoretical limit of detection, given by the shot noise of Po , (Eq. (2.22)), is

Po
min .= ⋅ −2 7 10 17  W (for λ = 532 nm, B = 50 Hz , η = 0 7. ).
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Figure 4.10: TE-polarized measured (dotted curve) and calculated (dashed curve) power ( Po) of

an optical evanescent wave versus the tip-surface distance (λ = 532 nm, θinc = 50°) on

a logarithmic scale.

The angle of incidence is θ = °50  and thus the penetration depth is dp =  150 nm. We can see

the very good agreement of the measurement with the theory up to a distance of about 600 nm

from the surface. Theoretically, the distance limit (intersection of the theoretical curve and the

shot noise limit), where the evanescent would be detectable, is 700 nm. The signal after this limit

should be at the noise level. However, the detected signal beyond this distance does not only

result from the evanescent wave. In fact, there is an optical background due to another light

source. This undesirable background signal arises from scattered light at the surface (surface

defects, dust, etc). This optical background is superposed on the evanescent wave. The maximal

level of the scattered light seems to be at about Po = ⋅ −2 10 15  W , which corresponds to the

power of evanescent field at z = 500 nm. However, it should be noted that the dynamic range of

the measured optical power is about 104 . From Eq. (2.18), the corresponding SNR is about

19 dB (for B = 50 Hz).

The phase of the frustrated evanescent wave is shown in Fig. 4.11. The incident angle is

θinc = 50°. For an angle of incidence of θinc= 57.8° the slope of the phase would be constant. We

can see a good agreement of the experimental data with the theoretical curve given by Eq. (4.13).

The absolute value of z and the measured phase offset have been adapted to fit best the

theoretical and the experimental results.
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Figure 4.11: TE-mode measured (dotted curve) and calculated (dashed curves) phase of an

evanescent frustrated wave versus the tip-surface distance (λ = 532 nm, θinc = 50°).

First, we showed that the measured signal from the evanescent field is corrupted by scattered

light beyond a distance of 500 nm. We can see in Fig. 4.11 that the phase accuracy decreases

also beyond 500 nm. From Eq. (2.21), the standard deviation of the phase is δϕ = 1 SNR ,

which yields δϕ = °6 6.  for SNR = 19 dB at this point. The SNR of the maximum detected power

of Po = ⋅ −4 6 10 13.  W  is 42 dB, yielding δϕ = °0 4. .

4.2.2 Lower limit of signal detection

The aim of this section is to demonstrate the sensitivity of heterodyne detection. Figure 4.12

shows the results for evanescent waves measured with two different illumination intensities, with

a ratio of 20 dB. The angle of incidence is θinc = 59°. The curve for the lower intensity is obtained

by inserting a ND (neutral density) filter in the illumination beam. The relation between the

object power and the signal to noise ratio is given by Eq. (2.18). Theoretically, the minimum

detectable optical power is Po
min  .  = ⋅ −2 7 10 17 W  for B = 50 Hz (Eq. (2.22)), in both cases.

The experimental data of the evanescent wave amplitude follows the theoretical curves, taken

from Eq. (4.11). At distances larger than 400 nm for the higher power and 180 nm for the lower

power, an undesirable background signal is detected because of scattered light at the surface.

This background noise is clearly optical. Indeed, for the lower power, the background is also

reduced, disappearing into the shot noise.
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Figure 4.12: Two (TE-mode) evanescent wave measurements with different incoming light

intensities (ratio about 20 dB). The angle of incidence is θinc = 59° and the bandwidth

is B = 50 Hz.

For comparison, in the case of direct detection (without reference), the signal to noise ratio is

limited by the Johnson noise. The minimum detectable optical power (SNR = 1 in Eq. (4.18)),

with the same detector of Fig. 3.5, would be

P
i

S

kTB R

So
omin
min

  = =
4 0 . (4.18)

With B = 50 Hz , R0 470=  kΩ, S = 0 33.  A W  and T = 300 K, the minimum optical power

detectable without heterodyne detection is thus only Po
min = ⋅ −4 10 12  W , instead of

Po
min  .  = ⋅ −2 7 10 17 W  with heterodyne detection. In a direct measurement, a photomultiplier or

an avalanche photodetector would therefore be more suitable, even with a smaller quantum

efficiency η .

4.2.3 2-D evanescent field measurement

We have presented one-dimensional curves of the evanescent field. It is interesting to

investigate now two-dimensional plots of such fields by using the same set-up as in Fig. 4.7a.

Indeed, we will demonstrate that the low-level background noise is really optical and is due to

scattering points at the surface. We can eliminate the field due to the scattering effects from the

evanescent field [49] for better image interpretation. By scanning the surface in the X-Z plane

we get a mapping of the field above the surface. The angle of incidence, θ = °43  (close to the

critical angle θc = °41 8. ), is smaller than in the previous measurements of Figs 4.10 and 4.11.

The penetration depth, dp = 392 nm, is therefore larger, allowing the evanescent field to be

detected up to large distances. Figure 4.13a shows the 2-D amplitude, and Fig. 4.13b a 1-D phase
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cross-section measurement of the evanescent wave amplitude and power, respectively. In this

case, background light perturbation is not observed.
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Figure 4.13: a) 2-D amplitude measurement of the evanescent wave. b) Corresponding 1-D

optical power (dotted curve) and calculated power (solid curve) with λ = 532 nm and

θinc = 43° in logarithmic scale.

The measured phase is presented in Fig. 4.14a as an iso-phase contour plot. The wavevector

  
r
k  only has a component   

r
kx  in the x-direction. Thus, the measured phase is the evanescent

component of the field. Two “bold” lines of the phase contour plot are separated by 2π,

corresponding to Λ = ≅λ θnsin( )  520 nm. However, the measurement accuracy in the x-

direction is not very high, because the scans with the probe were done in the z-direction in order

to get precise measurements of the optical power as a function of z. The steps in x are 20 nm and

displacement errors may be accumulated after each step. At 1 µm above the surface, the

evanescent wave can still be measured with an SNR of 23 dB (corresponding to an optical power

of 6 fW for B = 50 Hz) and thus with a phase resolution of 3.8°. Beyond this limit, the phase is

strongly perturbed because of noise; the limit of signal detection is reached.

a)

  

r
kx

Λ 

       b)

Figure 4.14: Iso-phase contour plot of an evanescent phase a) measured and b) calculated with

FMM. Two “bold” lines are separated by 2π, corresponding to Λ ≈ 520 nm. The

wavevector   
r
k  has only one component, in the x-direction.
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A measurement revealing otherwise well-distinguished scattering points is presented in

Fig. 4.15. The surface of the glass sample had been made deliberately dirty. We can see the

evanescent field (with a wavevector   
r
kx ) mixed with a propagating field (  

r
kt ), produced by

scattering points. Detection is possible up to 3 µm above the surface. The influence of the

scattered light becomes visible at about 500 nm above the surface. Above 1 µm it completely

obscures the evanescent wave field.
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Figure 4.15: a) Amplitude and b) phase (iso-phase contour plot) of an evanescent wave field

mixed with scattered light.

Another measurement of scattered light is shown in Fig. 4.16. Here the scattering is due to

surface defects and not by dust. The evanescent wave field is already completely disturbed at the

surface of the prism.
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Figure 4.16: a) Amplitude and b) phase (iso-phase contour plot) of an evanescent field mixed

with scattered light (surface defects, as indicated by the circle).
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4.2.4 Water meniscus formation between the tip and the sample surface

When the tip is brought close to the sample surface, some interactions have to be taken into

consideration. In addition to van der Waals interaction between the tip and the sample at

nanometric distances, one can be confronted with other forces such as Coulombian or capillary

forces [33]. When contact between the tip and sample is made, a friction force results. If we

work in a liquid medium, viscosity forces have also to be considered. The van der Vaals forces

are useful for the AFM approach mechanism. Coulombian forces are pure electromagnetic

interactions. As we have not worked in a liquid medium, the viscosity forces are negligible. One

interaction that has been observed is the formation of a water meniscus between the tip and the

surface, caused by capillary forces. Experimental measurement reveals this effect.

In a relatively humid ambient environment, water condensation leads to the formation of a

thin water layer both on the tip and the sample surfaces [50, 51]. A water meniscus is formed

when the tip is close to the sample. The capillary force arises by decreasing the tip-surface

distance and can apply strong attractive forces that hold the tip in contact with the surface. This

effect is demonstrated in the following by experimental observations.

x

R

y

Dθ
d

Figure 4.17: Water meniscus formation. The tip apex is modeled by a sphere.

In addition to relative humidity, the meniscus formation depends strongly on the hydrophility

of the tip as well as the sample. For the geometrical considerations of Fig. 4.17 (i.e. by

approximating the tip apex by a sphere), the attractive capillary force between the sphere and the

surface due to the liquid is given by [33]:

F
R

D
d

cap
L=

+
 

cos4

1

π γ θ
, (4.19)

where γ L  is the specific surface energy of the liquid, θ  is the contact angle between the tangent

to the sphere and the meniscus, d is the sphere penetration depth into the water layer and D is the

sphere-surface distance. The capillary force is vertical.
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The strength of the capillary force has been estimated taking into account the corresponding

values for surface energy of water γ L =  72 mJ m2  [33], a tip apex radius of R  = 50 nm and

tip-sample distances of D  = 10 nm and 50 nm. The penetration depth of the sphere into the

liquid has been estimated to be d  = 15 nm ( d R R≈ − 2 ) and the contact angle equal to

θ = °10 . The contribution of the capillary force in air, when the tip approaches a glass substrate

can be thus estimated to Fcap = − 10 8  N  for D = 50 nm and Fcap = ⋅ − .2 7 10 8  N  for

D = 10 nm.

With the same set-up as in section 4.2, we measure an evanescent wave by frustrated total

internal reflection (Fig. 4.7) in a prism (nprism = 1.5). The incident angle is θ = 73°. The

mechanical movement of the tip and the optical signal are shown in Fig. 4.18.

As the tip is far from the surface, the optical signal is low (Fig. 4.18/1). When the tip is

moved towards the surface, light is coupled into the fiber by photon tunneling and the optical

signal begins rising exponentially (Fig. 4.18/2). The medium between the prism and the probe is

air. When the surface-tip distance becomes smaller (z = 50 nm from the surface), the humidity

produces a water particle aggregation around the tip, forming a meniscus between the tip and the

surface (Fig. 4.18/3). This causes an abrupt attraction of the tip and a corresponding cantilever

deformation. In fact, at D = 50 nm, the capillary force is about 10 8−  N. With a fiber cantilever

force constant of about 4 N/m (section 3.2.3), the deformation (in the z-direction) of the

cantilever is about 25 nm. As the tip-surface distance becomes smaller, because of this

deformation, the optical signal increases (Fig. 4.18/3). However, this is not the only explanation.

In fact, the water meniscus causes a change of refractive index of the medium between the prism

and the probe. The refractive index of air (nair = 1) is replaced by the refractive index of water

(nwater = 1.3) in Eq. (4.11) for the frustrated total internal reflection. The change of refractive

index from 1 (air) to 1.3 (water) results in a modification of the coupling into the fiber probe.

The theoretical consequence of the refractive index change is shown in Fig. 4.18 (dashed curve).

Due to the water meniscus, the optical signal increases then drastically (Fig. 4.18/3). It is

interesting to observe that the theoretical curve (Eq. (4.11) for nwater = 1.3) passes through the

maximum of the discontinuity at z = 50 nm. This strengthens the theory of water meniscus

formation.

By continuing the approach, the tip makes the meniscus break up (Fig. 4.18/4) because of

pressure and the signal decreases abruptly. Indeed, the medium between the surface and the tip is

air again. Then, the coupled light follows again the theoretical curve (Eq. (4.11)) for nair = 1.

In order to avoid this perturbation of the measurements, we have to control the humidity. We

have built a plexiglas box around our experimental set-up (Fig. 3.3), enclosing the SNOM (tip

and sample). Silica gel is placed inside the box to reduce the humidity.



50 Evanescent optical field

0 50 100 150 200 250 300 350

0

0.2

0.4

0.6

0.8

1

3)

4)

5)

apex

meniscus

touching

meniscus blast

fiber tip2)

1

2

3

4

5

z [nm]

N
or

m
al

iz
ed

 in
te

ns
ity

 [
a.

u.
] 

nwater

nair

Figure 4.18: Measured optical intensity (dotted curve) of an evanescent wave with the formation

of a discontinuity (z = 50 nm) due to a water meniscus. The curves show the

calculated values of Eq. (4.11) with θ = 73°, n1 = 1.5, n2 = 1 (solid line) and n2 = 1.3

(dashed line), respectively.

4.3 Conclusion

Total internal reflection of a plane wave at the interface of two materials with different

refractive indices has been investigated. By total internal reflection at the prism interface, we

produced an evanescent wave. To get information about the evanescent field, the system has to

be perturbed. The easiest way to perturb the evanescent field is to approach a third medium in

order to frustrate the total reflection. Frustrated total internal reflection induces coupling between

the different media. A simple model, replacing the probe tip by a homogeneous plane, describes

the behavior of the frustration of total internal reflection by the probe quite well. Frustrated total

internal reflection mechanism is equivalent to photon tunneling. Indeed, this process is similar to

electron tunneling in a STM (Scanning Tunneling Microscope). The concept is the same, except

that we are confronted with photons instead of electrons. Photon tunneling is the key to

understanding the concept of the PSTM.

We have measured amplitude and phase of an evanescent field using heterodyne detection.

We have obtained very good agreement with theory by simple semi-infinite plane model for the

tip coupling. The evanescent wave measurements allow also demonstration of the large dynamic

range of heterodyne detection. In fact, the ratio between the maximum and the minimum

detected optical power was in the presented measurements about 104 . The minimum detectable
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optical power (shot noise level) is Po
min  .  = ⋅ −2 7 10 17 W  ( B = 50 Hz) for heterodyne detection,

compared to 4 10 12⋅ −  W for direct detection with the same photodiode as detector. Heterodyne

detection also allows measurement of the phase with sub-wavelength resolution. For an optical

power of Po = ⋅ −4 6 10 13.  W , we get a noise limit for the phase resolution of δϕ = °0 4. .

However, it has been shown that the detection of evanescent fields may be corrupted by light

scattered at the surface from defects or dust. 2-D scans allow us to better observe this

phenomenon and to determine the position of the sources of the scatters.

It has also been shown, that humidity may cause the formation of a water meniscus between

the tip and the surface, which perturbs the measurements of evanescent fields drastically.
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5 Amplitude and phase of
an evanescent standing
wave

After the study of an evanescent wave, we are now interested in another simple case: the

evanescent standing wave. This phenomenon has already been studied [52], but only by intensity

measurements. However, the phase measurements which we are presenting here allow us to

experimentally determine more features of the optical field [19, 53]. At the surface of a prism,

we create an evanescent standing wave by the interference of two total internally reflected plane

waves traveling in opposite directions. The evanescent standing wave is simply a standing wave

with a sinusoidal intensity variation in the x-direction and with an exponential decay in the z-

direction. The study of this wave is interesting, because it is one of the easiest non-topographical

“structures” we can measure. So, no artifact due to the surface shape occurs during the

measurement, because the prism surface is flat. The shape of the measured amplitude and phase

of the evanescent standing wave give us information about features such as the power loss of the

back-reflected wave and the angle of the incident beams. We report amplitude and phase

measurements with very high spatial resolution, showing that the resolution is not limited by the

finite dimensions of the tip.

5.1 Two-wave interference at an interface

Near-field amplitude and phase measurements of a standing evanescent wave field on a prism

have been made and are presented in this chapter. After a first total internal reflection in a prism

(with an angle θ1), the beam is reflected back by an external mirror, creating a standing wave.

The illumination system of Fig. 5.1 is combined with the set-up of Fig. 3.1. In this set-up, the

prism and the mirror are in a fixed position whereas the tip scans in the XY plane (parallel to the

surface). The approach of the tip is done by use of atomic force microscope regulation (see

section 3.2.3). When the tip is close to the surface, the feedback of the AFM is switched off and

the scan at constant height can be executed.
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Figure 5.1: Standing evanescent wave a) set-up for SNOM measurement, b) creation by total

internal reflection at the interface of the prism.

The total electric field of the interfering beams in Fig. 5.1a is

  
r r r
E E E= +  1 2 . (5.1)

In the case of TE polarization, the evanescent standing wave field is given by

      E x z E inkx z z E inkx i z zy( , )  exp sin exp / exp sin  exp /= −[ ] −( ) + +[ ] −( )1 1 1 2 2 2θ θ ϕ , (5.2)

where k = 2π/λ is the wavenumber, n is the refractive index of the prism, E1 and E2 are the

electric field amplitudes of the two incident waves, ϕ  is the phase shift of   
r
E2 , and z1(θ1) and

z2(θ2) are the penetration depths (Eq. 4.5) of the corresponding evanescent waves. By introducing

the ratio m E E=  2 1 (with m ≤ 1) of the incident-field amplitudes and α θ1 2 1 2, , sin= ( )nk , we

get from Eq. (5.2):

E x z E i x z z m i x i z z

A x z i x z

y( , )  exp exp / exp  exp /

                     , exp ( , )

1 1 1 2 2= −[ ] −( ) + +[ ] −( )
= ( ) [ ]

α α ϕ

φ
, (5.3)

where A x z( , )  is the real amplitude and φ( , )x z  the phase, with

     
A x z i x z z m i x i z z

i x z z m i x i z z

( , ) exp exp / exp exp /

                                  exp exp / exp exp /

= −( ) −( ) + +( ) −( )[ ]{
⋅ ( ) −( ) + − −( ) −( )[ ]}

α α ϕ

α α ϕ

1 1 2 2

1 1 2 2
1 2

. (5.4)

Finally, in the general case (where m < 1 and θ θ1 2≠  ) the amplitude becomes

A x z z z m z z

m z z z x

,  exp exp  

 exp cos   
/

( ) = −( ) + −( )[
− +( )[ ] +( ) +( )]

2 2

2 1 1

1
2

2

1 2 1 2
1 2

              + α α ϕ
 (5.5)

and the phase
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φ
α ϕ α

α α ϕ
x,z  = arctan   ( ) −( ) +( ) − −( ) ( )

−( ) ( ) + −( ) +( )










m z z x z z x

z z x m z z x

exp sin  exp sin

exp cos exp cos
2 2 1 1

1 1 2 2
. (5.6)

From Eqs. (5.5) and (5.6), we distinguish four cases (Fig. 5.2):

Fig. 5.2a) m = 1 and θ1 = θ2 = θ ,

Fig. 5.2b) m = 1 and θ1 ≠θ2,

Fig. 5.2c) m ≠ 1 and θ1 = θ2 = θ ,

Fig. 5.2d) m ≠ 1 and θ1 ≠ θ2.

Numerical examples for amplitude and phase at constant height (z = const) are shown in Fig. 5.2.
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Figure 5.2: Numerical examples for amplitude and phase of evanescent standing waves at

constant height (z = const).

The cases of Figs. 5.2a and 5.2b are impossible in practice, because we always have less than

100% of reflectivity for the back-reflected wave E2 , so that E E2 1< .
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Let us examine the case of Fig. 5.2c, where m < 1 and θ θ θ1 2= =   (⇒ = =z z z1 2 0  ). We

get from Eq. (5.5) and from α α α θ1 2= = =  sinnk  the period of the standing wave

Λ = λ
θ2n sin

. (5.7)

In this case, the amplitude A( )x  and the phase φ( )x  of the sampled field become

A A e m m xz z( ) cos(  )/x = + + +−
0

20 1 2 2π ϕΛ , and (5.8)

φ θ ϕ θ
θ θ ϕ

( )
sin sin  sin sin

cos sin cos sin  
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+( ) − ( )
( ) + +( )









arctan

m nkx nkx

nkx m nkx
 . (5.9)

 For a phase shift of ϕ =  0 , the phase becomes

φ θ( ) tan sinx = −
+

( )





arctan
m

m
nkx

1
1

 . (5.10)

5.2 Amplitude and phase measurement of an evanescent
standing wave

After approaching the fiber with a conventional atomic-force microscope regulated approach,

we scanned across the prism surface at constant height (z = const). By scanning across the prism

surface on an area of 1 µm by 1 µm in the X-Y plane, we acquired the amplitude and the phase

of the optical field (in TE-illumination), as shown in Fig. 5.3. The period was found to be

Λ = 185 nm.  With λ = 532 nm and n = 1.5 we get from Eq. (5.5) an incident angle of θ = 73°,

which corresponds with the experimental setup.

  a) x [µm]

y [µm]
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b) 

y [µm]
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Figure 5.3: Measured a) amplitude and b) phase of a standing evanescent wave at constant

height (z = const). The scan area is 1 µm by 1 µm.

A cross section of another separate measurement in the x-direction is shown in Fig. 5.4. The

phase shows the expected π-phase changes for each period of the standing wave, with a spatial

resolution of 7.8 nm between sample points. The 2π-phase jumps are due to phase wrapping. We

found a good agreement with theoretical values obtained from Eqs. (5.5) and (5.6) with m = 0.7

and θ1 = θ2 = 73°.
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Figure 5.4: Cross-section of the measured (upper) amplitude and (lower) phase of the standing

evanescent wave. The step is 7.8 nm between sampling points. The solid curves are

theoretical calculations (m = 0.7, θ1  = θ2  = 73°).

Figure 5.5 shows another separate measurement with a step of 1.6 nm between sampling

points. We can see that the spatial resolution for amplitude and phase is given by the sampling

steps of 1.6 nm. The measured values correspond very well to the calculations obtained from

Eqs. (5.5) and (5.6) with θ1 = θ2 = 73°and m = 0.78, which means that the intensity of the
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backward wave is only about ~60% of that of the forward wave. Although the intensity does not

go to zero at the nodes of the standing wave, the transition of the phase is very steep

(~0.13 rad/nm) around these points, as expected from Eq. (5.6). Unlike intensity measurements,

in coherent detection, the finite width of the fiber tip (~30 nm in our case) averages the field

amplitude rather than the intensity, and therefore for m = 1 the measured amplitude would go to

zero even for a finite tip size.
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Figure 5.5: Measured standing evanescent wave with a step of 1.6 nm between sampling points.

The scan length is 200 nm. The solid curves are theoretical calculations with

θ1 = θ2 = 73° and m = 0.78. a) Normalized amplitude and b) phase (in rad).

By zooming into the region (from 50 to 120 nm) where the amplitude is a minimum, we get

the Fig. 5.6. Moreover, in Fig. 5.6a, we have changed the scale from the amplitude into the

absolute optical power (on a logarithmic scale) using Eq. (4.17) (with Ur = 1 1.  V ,

S = 0 33.  A W , R0 470=  kΩ and assuming that m = 1). The measured minimum power is

Po
min = ⋅ −2 10 13  W. From Eq. (2.18), the signal to noise ratio, corresponding to this optical

power, is about 43 dB (with λ = 532 nm, η = 0 7.  and B = 16 67.  Hz for an integration time of

τ in = 30 ms). Figure 5.6 reveals the high-resolution of the amplitude and phase measurement. At

x = 85 nm, the normalized intensity is reduced by 99% and the visibility is only Γ = 1%

(Eq. 3.18). At the nodes of the standing wave, we do not have a crossing through zero but the

intensity is considerably reduced. From Eq. (2.21), the phase accuracy at the minimum

amplitude is still ∆ϕ = °0 4. .
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Figure 5.6: Measured a) optical power (on a logarithmic scale) and b) phase (in degrees) of the

standing evanescent wave (zoom of Fig. 5.5). The minimum corresponds to a power of

Po = 2·10-13 W. The SNR at this point is 43 dB and the phase accuracy is 0.4°.

5.3 Conclusion

We have demonstrated that scanning near-field optical microscopy with coherent

(heterodyne) detection is a powerful method for measuring both the amplitude and the phase of

an optical field on the nanometer scale. We have presented amplitude and phase measurements

of a standing evanescent wave, with a resolution of 1.6 nm between sample points. The results

are in very good agreement with the theory. These test measurements are very useful because the

prism surface is flat, assuring that topography perturbs neither the motion of the probe nor the

optical signal. Changes of amplitude and phase around transition points can be observed with

high resolution, since the finite width of the fiber tip averages the field amplitude rather than the

intensity. At the nodes of the standing waves, the intensity is reduced but does not go down to

zero. Thanks to the calculations and to this minimum level, we can predict the ratio of the

intensities of the interfering waves. Although the intensity is low at these transition points, the

resolution of the phase is high (0.4°) because the SNR is still significant (43 dB). The transition

of the phase at these points is steep (7.5°/nm).
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6 Fields generated by
gratings

In this chapter, we intend to gain an understanding of the interaction of light with

microstructures in order to determine their optical properties. Measurements of the amplitude

and phase close to gratings are presented using a heterodyne scanning probe microscope

[54, 55]. We discuss some basic properties of phase distributions. Indeed, coherent light

diffracted by microstructures can give birth to phase dislocations, also called phase singularities.

Phase singularities are isolated points where the amplitude of the field is zero. The position of

these special points can lead us to information about the structure (shape, surface defects, etc),

by comparing with rigorous diffraction calculation using e.g. the Fourier Modal Method (FMM).

We present high-resolution measurements of such phase singularities and compare them with

theoretical results. Polarization effects have also been studied in order to understand better the

field conversion by the fiber tip.

Measurements of amplitude   A x( )
r

 and phase   φ( )
r
x  with a heterodyne scanning probe

microscope have been made in the optical field diffracted by periodic microstructures, in

particular a holographically recorded 1 µm pitch grating. In fact, well-known diffractive

structures with well-defined transmitted fields are useful to characterize the instrument. Most

SNOM measurements are done at constant height (or constant intensity) in the X-Y plane

(parallel to the surface) above the samples. However the optical field diffracted by a structure

depends strongly on the z-position, normal to the surface. Therefore, we have performed scans

above the structures in the X-Z plane, perpendicular to the surface.

By illuminating the sample at normal incidence, we observe the transmitted diffracted field.

In this case, we can investigate the propagation (in the z-direction) of the light after the periodic

modulation, in both TE- and TM-polarization. The periodic reproduction of the optical features

far above the grating is explained by the Talbot effect [56, 57]. The TM-mode contains x- and z-

components ( Ex  and Ez) of the total electric field. The separation of the measured components

of well-known fields can help us to understand the coupling of the field into the fiber tip and thus
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lead us to a better interpretation of the image. Comparison with theoretical calculations using the

Fourier Modal Method (FMM) shows good agreement with the amplitude and phase

measurements.

We will show sub-wavelength measurements from a scanning probe optical microscope

working at micrometer distances from a periodic grating. One has to differentiate the material

object and the optical field. In general, the produced optical field is not equal to the geometrical

shape of the object. Even if the size of the structure is larger than the wavelength, the optical

features that are engendered are often smaller than the wavelength. A 10 nm lateral variation of

the phase field can be achieved even without the contribution of evanescent waves. Using

coherent detection (heterodyne), the optical field rather than the intensity is averaged by the tip,

allowing phase singularity detection. We are able to observe the change in the sign of the

complex amplitude passing through a phase dislocation. High accuracy measurements of phase

singularities demonstrate high spatial resolution. Phase measurements with the heterodyne

scanning probe have been compared with a high-resolution interference microscope (HRIM). It

turns out that we have two complementary instruments to investigate the same structures in order

to understand polarization effects and also optical field conversion into the fiber by the tip.

6.1 Diffraction problem

In order to characterize the instrument we have developed, we must verify the measurements

obtained by comparing with theory. Well-known samples, producing well-defined fields, will

help us to know what we really measure. In this section, we will briefly present the diffraction

problem of a grating. Rigorous methods are required to model periodic structures in order to

compare the measured diffracted field with theory.

6.1.1 Theoretical background of grating theory

It is well-known that a periodic scatterer illuminated by a plane wave generates a discrete set

of propagating plane waves. The main goal of grating theory is to predict the complex

amplitudes of these plane waves if the grating structure is known. The opposite case is presented

here: by measuring the diffracted field, we would like to know the structure.

The property of a grating to diffract an incident beam into clearly distinguished directions is

given by the grating equation [58]:

n n mm i2 1sin  sin  θ θ λ= +
Λ

, m = ± ± ,  ,  ,  ...0 1 2 , (6.1)
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where θ θi m and  are the angles between the incident (and the diffracted) wave directions and the

normal to the grating, λ  is the wavelength, n1and n2 are the refractive indices of the media, Λ
is the grating period and m = ± ± ,  ,  ,  ...0 1 2  is an integer numbering the diffracted orders, so

that the specular one is numbered as 0 (Fig. 6.1). If m = 0, Eq. (6.1) is equivalent to the Snell-

Descartes law of Eq. (4.1). Two grating configurations are possible: reflection and transmission

gratings. Equation (6.1) is the transmission grating equation (Fig. 6.1).
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Figure 6.1: Diffraction m orders (with an angle θm) by a transmission grating

Another notation uses α = kx k  and β = kz k , where k =  2π λ  is the wavenumber

( ky = 0). The propagating diffraction orders are thus expressed by α θ=  sinn  and β θ=  cosn .

The quantity K =  2π Λ  is called the grating wavenumber. The corresponding grating vector   
r
K

has the components Kx = 2π Λ  and K Ky z= = 0.

A solution of Eq. (6.1) is possible only when

sin  θm < 1.  (6.2)

Diffraction orders with number m  fulfilling Eq. (6.4) are called propagating orders. The vertical

(z-direction) wavevector component can be found from [59]:

k k nx z
2 2

22+ = 



  

π
λ

,  (6.3)

so that

k n k nm m mz x
= 



 − =  cos

2 22
2π

λ
π
λ

θ .  (6.4)

The x and z variation of the propagating orders

exp   exp sin  cosik x ik z in x zm m m mx z
+( ) = +( )


2π
λ

θ θ  (6.5)
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represents a plane wave which propagates in the direction of   
r
km .

In the opposite case where sin  θm > 1, Eq. (6.6) implies that the vertical component of the

wavevector is imaginary and these orders decrease exponentially with the distance from the

grating surface. Their amplitudes are given by

exp ik x k zm mx z
−( ) , (6.6)

with

k k nz x= − 



 2

22π
λ

.  (6.7)

These orders are called evanescent orders. They can not be detected at a distance greater than a

few wavelenghts from the grating surface. Fig. 6.2 represents the directions of the diffracted

orders formed by adding or substracting a multiple of the grating wavevector K from the zeroth

order. The wavevectors of the propagating orders have moduli equal to 2π λ . Evanescent orders

lie outside of this area. The representation of Fig. 6.2 is called Ewald-sphere [60].

kix = k0x

K

k1 k2k-1

K

k-2k-3

Evanescent orders Evanescent orders
Propagating orders

2π/λ

n1

n2

-2 1

0-1

Figure 6.2: Schematic representation of grating orders wavevectors, using Ewald-spheres.

ki = k0. A grating vector K is added or substracted from k0  to form the diffracted order

horizontal wavevector component. In this case, the orders –2, -1, 0, 1 are propagating

and the others are evanescent.

The grating equation determines the direction of propagation of the different diffracted orders

but says nothing about the amount of light which is distributed in each order. The ratio of the

optical power of a particular order (parallel to the z-axis) to the incident optical power is called

diffraction efficiency.
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6.1.2 Interference of three diffracted waves from a grating

In this sub-section, we are interested in the special case of a 1 µm pitch surface relief grating.

With a wavelength of λ µ=  .  0 532 m, which is smaller than the pitch of Λ =   1 µm, we get for

normal incidence (Fig. 6.3) 3 propagating wavevectors   
r
k0 ,   

r
k+1 and   

r
k−1. The diffraction angles

(given by sinθ λ= Λ ) are θ0 0= °  and θ± = °1 32 1 . . The orders   
r
k m±  for m ≥ 2 are evanescent.
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Figure 6.3: Diffraction by a 1 µm pitch grating at normal incidence for a) TE-mode and b) TM-

mode. Zero and first orders are propagating; the higher diffraction orders are

evanescent.

As the wavelength is smaller than the period of the grating, we will always get at least one

propagating non-zero order. In this case, the evanescent orders are “hidden” by the diffracted

orders in the far-field (at distances larger than λ). As evanescent orders do not contribute to the

far-field [61], the situation here can be assimilated to three-wave interference. We have to

distinguish two polarization states. If the incident wave is linearly polarized and the electric field

vector is perpendicular to the plane of incidence (X-Z plane), all diffracted orders have the same

polarization, called s- or TE-polarization (Fig. 6.3a). The other case, where the electric

wavevector is parallel to the incident plane, is called p- or TM-polarization (Fig. 6.3b). Any other

polarization state can be expressed by a linear combination of these two fundamental states. In
the TE case, only one component Ey  of the electric vector is present, whereas in the TM case

two components Ex  and Ez  have to be considered.

For TE-mode illumination, the total electric field of the –1, 0 and +1 diffraction orders is

given by

E x z a ik x z a ikz

a ik x z

y
tot ,  exp sin  cos  exp

                     exp sin  cos

( ) = − − +( ){ } + −( )
+ − +( ){ }

−

+

1 0

1

θ θ

θ θ , 
(6.8)

where a a0 1 and ±  are the (complex) amplitudes of the three propagating plane waves, θ  is the

diffraction angle of the –1 and +1 orders and k =  2π λ  is the wavenumber. By assuming that

a a a- =   =  1 1 1+ , we get the symmetric case
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E x z a ikz ikx ikx a ikz

a kx ikz a ikz

y
tot ( , )  exp cos exp sin exp sin  exp

                cos sin  exp cos  exp

= −( ) ( ) + −( ){ } + −( )
= ( ) −( ) + −( )

1 0

1 02

θ θ θ

θ θ
(6.9)

and thus the amplitude of the electric field is

A x z a a kx a a kx kzy
tot ( , )  cos sin  cos sin  cos cos= + ( ) + ( ) −( )[ ]0

2
1
2 2

1 04 4 1θ θ θ (6.10)

and the phase is

Φy
tot x z

a kx kz a kz

a kx kz a kz
( , ) tan

cos sin  sin cos  sin( )

cos sin  cos cos  cos( )
=

− ( ) −( )[ ] −
( ) −( )[ ] +









−1 1 0

1 0

2 1

2 1

θ θ
θ θ

. (6.11)

The pitches of the interference pattern in the x- and z-direction are given by

Λx =  
sin

λ
θ

 and Λz =
−

 
cos
λ

θ1
. (6.12)

The resulting amplitude and phase of the interference of the three plane waves is shown in

Fig. 6.4. Depending on the position in z, we get a modulation in the x-direction (z constant)

either of Λ Λ= =  x 1 µm or Λ Λ= =  .  x 2 0 5 µm. In the z-direction, the periodicity of the

optical feature is Λz = 3 48.  µm (Fig. 6.4a). In Fig. 6.4b a phase singularity is shown inside the

circle. Phase singularities are isolated points where the intensity of the optical field is zero.

Interference of at least three plane waves is needed to give birth to phase singularities. Properties

of these special phase-points are presented in section 6.4.
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Figure 6.4: Calculated interference of three plane waves for the TE-mode. The factors a0 and

a1 are chosen to be equal to 1. The circle shows the position of a phase singularity. a)

(Normalized) amplitude distribution with two cross-sections at different heights (z

constant). b) Contour plot of the phase (iso-phase lines).
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For the TM-mode illumination (Fig. 6.3b), the total electric field vector of the –1, 0 and +1

diffraction orders is given by

  

r r r r
E x z E E E

E

E

E E E

E E
tot

x

z

,      

 cos cos

sin  sin

( ) = + + =














=
+ −

+













− +

− +

− +

0 1 1

0 1 1

1 1

0 0

θ θ

θ θ
. (6.13)

By assuming again that a a a- =   =  1 1 1+ , we get for the x-component of the total electric field

vector

E a e i a kx ex
ikz ikz= + ( )− −     cos  sin sin  cos

0 12 θ θ θ (6.14)

and for the z-component of the total electric field vector

E a kx ez
ikz= ( ) − sin  cos sin  cos2 1 θ θ θ . (6.15)

Amplitude and phase of Ex  and Ez  following Eqs. (6.14) and (6.15) are presented in Fig. 6.5.
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Figure 6.5: Calculated interference of three plane waves for the TM-mode. The factors a0 and

a1 are chosen to be equal to 1. a) Normalized amplitude (gray scale) and phase (iso-

phase lines) distributions of the Ex  component and b) of the Ez component of the total

electric field vector.

We see that the x-component is very similar to the case of the TE-mode, but that the z-

component is totally different. Since Ex  is perpendicular, but Ez  parallel to the tip, the problem

will be to know what is really detected by the SNOM tip: only Ex , or a combination of Ex  and

Ez? This is a crucial question, because the answer explains the behavior of the tip probe and

might lead to know its transfer function [62, 63] for the electrical field vector.
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6.1.3 Rigorousely calculated field diffracted by gratings

In the previous sub-section, we have studied the propagation of the light diffracted by a

grating of 1 µm pitch assuming a superposition of 3 plane waves of identical amplitude and

polarization, interfering in free space. Analysis of the diffraction problem has to consider the

exact shape of the grating that diffracts the incoming light. However, the distribution of the

amplitude and the phase behind a grating depends strongly on the relief of the grating (shape,

height, fillfactor, period). Moreover, the near-field close to the surface (less than one

wavelength) is quite different from the far-field, because of the contribution from the evanescent

waves.

 For a correct analysis, rigorous diffraction theory has to be employed. Thanks to computation

time improvement, rigorous methods have been developed to calculate exact solutions of

Maxwell’s equations. Rigorous methods take into account the state of polarization of the light

whereas it is neglected in approximation methods such as thin-element. In this section, we will

give a very short description of the Fourier Modal Method [64], which is a differential method

based on mode expansion of the field inside the grating structure.

The Fourier Modal Method (FMM) is based on variable separation of the Helmholtz equation

in homogenous media. A 2-D software based on FMM calculations has been developed [65] for

periodic optical structures in TE - and TM-mode. The elementary structure, which is then

repeated periodically, is approximated by a number of different homogenous layers (Fig. 6.6).

Figure 6.6: Homogenous layers approximation of the elementary structure of a grating.

The larger the number of layers, the better the approximation of the shape of the structure, but

this demands more computer time. The input parameters are the shape of the grating, the incident

monochromatic wave (wavelength, incident angle and polarization), the number of diffraction

orders and the refractive indices (at the different interfaces). The result of a rigorous calculation

of gratings will be shown in sections 6.4 and 6.5.
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6.2 Experimental set-up

The main set-up is the same as described in chapter 3. The illumination system for the sample

is shown in Fig. 6.7a (scheme of Fig. 3.4 (top)). The light comes from a single-mode fiber and is

collimated to get a plane wave. A half-wavelength plate rotates the polarization in order to get

TE- or TM- polarization illumination. Then, the polarization is optimized with a Glan-Thomson

polarizer. A 45°-mirror sends the light trough the sample at normal incidence. The illumination

system and the sample are mounted on a x-y-z piezo-electric translation stage (100 × 100 × 20 µm

range) which allows accurate translation steps (2 nm resolution in z-direction). The fiber tip is

mounted independently from this translation system. The bent tip is used as a conventional AFM

(Atomic Force Microscope) cantilever and is brought close to the surface. Once the tip approach

is done, the AFM feedback is switched off and the scan (in XY or XZ planes) is accomplished

by the x-y-z stage. Phase measurements performed with this system require a high mechanical

stability. For this purpose, mechanical vibrations are avoided by an air-cushion optical table and

thermal fluctuations are limited due to a Plexiglas box surrounding the system (Fig. 3.3). The

reduction of humidity can also be important. The humidity is reduced by silica gel placed inside

the box.

An image is acquired by scanning in the x-direction at constant height and with a scan rate

according to the number of pixels and the integration time (see section 3.2.4). Then, the tip

returns to the initial x-position and moves down by one z-step for the next x-line scan (Fig. 6.7b).
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Figure 6.7: a) Experimental set-up for the illumination of the sample and the fiber tip probe. b)

Movement of the sample compared to the tip position during the scanning in the X-Z

plane above the grating and acquisition of data points for image formation.

We use a dielectric fiber tip to collect the field information. The small coupling between the

dielectric tip and the dielectric grating gives a negligible contribution to the total electric field

[66]. Thus, the measured field should not be perturbed by the presence of the tip.
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The sample is a 1 µm pitch quasi-binary shape grating, as described in Fig. 6.6, recorded

holographically in photo-resist. A SEM (Scanning Electron Microscopy) picture of the grating is

shown in Fig. 6.8.

1 µm

Figure 6.8: SEM image of the holographically recorded 1 µm pitch grating in photo-resist. The

depth is about 0.7 µm.

6.3 TE-mode amplitude and phase measurement behind the
grating

Usually SNOM images are acquired in constant intensity or constant height mode (in the XY-

plane) above the sample. However, in all SPM techniques, the absolute distance between the tip

and the surface is not really known. Equation (6.10) in TE-mode predicts periodic variations of

the propagating field in the z-direction. Indeed, the optical field depends strongly on the tip-

surface distance. Therefore, we performed scans in the plane of incidence (X-Z) in order to see

how the field develops behind the sample [54]. According to the set-up of Fig. 6.7a,

measurements of the TE-mode amplitude (Fig. 6.9a) and phase (Fig. 6.9b) from a 1 µm pitch

grating in the X-Z plane have been performed. The phase in Fig. 6.9b is represented by a contour

plot (iso-phase lines). The distance between two “bold” lines is λ (and thus corresponds to 2π).

The image has been acquired by scanning in the x-direction at constant height with a step of

∆x = 25 nm, starting at z = 10  µm  and moving down in ∆z  = 50 nm steps for further x-line

scans. The total scan size is x = 5 µm by z = 10 µm and the number of pixels is 200 200× . With

a integration time of τ = 30  ms, the global image is acquired in 20 minutes. The zero in the z-

direction is arbitrary. The scan is executed until the tip touches the surface. There is excellent

agreement with the theoretical expectations shown in Fig. 6.4. In Fig. 6.9a, a discontinuity

appears at the height z = 0.4 µm. At this position the tip touches the surface and damages the

photo-resist structure. In the next section, this situation will be discussed in more detail.
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Figure 6.9: Measured TE-mode optical field emerging from a 1 µm pitch grating (0.55 µm

height): a) normalized amplitude and b) contour plot of the phase (iso-phase lines).

The scan size in the XZ plane is 5 µm in x-direction and 10 µm in z-direction (200x200

pixels). At z = 0.4 µm the tip touches the surface. The bold dashed lines are the Talbot

images and the thin dashed lines are the Talbot subimages.

In Fig. 6.9 we can see a periodic feature in the z-direction. A Fourier analysis of the diffracted

field distribution explains this phenomenon, known as Talbot effect [67]. The intensity observed

behind the grating at distances z mm =  2 2Λ λ , where m is an integer, is a perfect reproduction of

the intensity that would be observed just behind the grating [68]. Such images are called Talbot

images. In our case, where Λx m=   1 µ  and λ µ=  .  0 532 m, the Talbot planes are situated at

z mm = ⋅3 76.  µm (Fig. 6.9a, with m = 1, 2). Talbot subimages with twice the frequency of the

original grating ( Λx m=  .  0 5 µ ) and reduced contrast are situated at distances

z mm = −( ) −1 2 2 1Λ λ , or z mm = −( ) ⋅ .  1 2 1 88 µm (thin dashed lines in Fig. 6.9a). The Talbot

effect can be observed for any periodic structure.

6.4 Phase singularities produced by microstructures

A phase singularity, or a dislocation is an isolated point where the amplitude is zero [69]. At

this point, the phase is not determined. The time-averaged Poynting vector is zero and the energy

flows around the phase singularity. Phase dislocations can be observed in the near- and far-field
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of optical microstructures, such as gratings [70]. The position of phase dislocations depends

essentially on the period, the height, the shape and the fill-factor of the grating. Therefore,

according to the position of the phase singularity, the structure of the grating can be recovered

[71] by comparing the measured positions with rigorous calculations of the diffraction. However,

the relationship between the position of the phase dislocation and the structure is not

straightforward.

By zooming into a region of Fig. 6.9b (Fig. 6.10b), we can compare the measured phase

distribution with the calculated one (Fig. 6.10a). Comparison with theoretical calculations using

Fourier Modal Method leads us to the following observations [55]: from 0.5 µm above the

grating, the measured phase agrees very well with the theory.
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Figure 6.10: Comparison of calculated and measured phase distribution for the grating shown

in Fig. 6.8. a) Calculated phase distribution with the Fourier Modal Method. b)

Measured phase (zoom from Fig. 6.9b). The circle encloses one phase singularity. The

field within the first 500 nm from the top of the structure could not be measured,

because the tip apex touched and damaged the grating. The zero of the z-position has

been adapted to the absolute scale of the calculation.

Within the first 500 nm from the top of the structure, the field (amplitude and phase) is not

correctly measured. Indeed, the tip apex touched the photo-resist surface before measuring the

field closer to the structure. In fact, simulations for uncoated dielectric fiber tips show that the

light is not captured at the apex of the tip, but rather at a distance of about 400-500 nm inside the

tip. Measurements with coated tips give comparable results.
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The evolution of the optical phase in time can be simulated by an additional linearly

increasing phase of the reference wave. In Fig. 6.11 we present another measurement of the

phase around a phase singularity using the following approach: the reference phase increases

from Figs. 6.11a to 6.11f in steps of 60°. The spatial resolution of the measurments is 10 nm in

the x-direction and 20 nm in the z-direction. We observe that the measured phase distribution

changes its shape, but the phase singularity does not change its position. The phase distribution

turns around the phase dislocation (which remains at a fixed position) as the wave propagates in

z-direction.

   a)

 S

     b)   c)

d)   e)      f)  

Figure 6.11: Phase measurement around an isolated phase singularity (“S”) located at

x = 1.48 µm and z = 1.18 µm. The scan step is 10 nm in x-direction and 20 nm in the

z-direction. The additional reference phase increases from a) to f) in steps of 60˚. Two

consecutives lines are separated by π/10.

Figure 6.12 shows another measurement, but similar to a crossection of Fig. 6.11a at

z = 1.18 µm. By crossing the phase singularity, the amplitude makes a transition through zero

(Fig. 6.12a) and the phase jump is always π (Fig. 6.12b). In this figure, we demonstrate that, at a

phase singularity, the phase is not defined (because the signal vanishes in the noise) and the

amplitude is really zero. In fact, we measured the zero amplitude, or more precisely, the zero

optical power, down to Po = −10 16  W (Fig. 6.12a, with the marker “S”). From Eq. (2.22), the

minimum detectable power is Po
min .= ⋅ −2 7 10 17  W at B  = 50 Hz (with λ = 532 nm and

η = 0 7. ). Thus the detected point is very close to the shot noise. The transition of the phase in
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Fig. 6.12b is measured within one step of ±10 nm. The measured phase jump is as sharp as one

step (with a slope of 18°/nm).

a)
1.1 1.2 1.3 1.4 1.5 1.6 1.7

10-16

10-14

10-12

x [µm]

O
pt

ic
al

 p
ow

er
 |W

]

shot noise limit

B

S

A

    b)
1.1 1.2 1.3 1.4 1.5 1.6 1.7

0

0.5

1

1.5

2

2.5

3

x [µm]

P
ha

se
 |r

ad
]

 10 nm 

B

A

S

Figure 6.12: Measured optical power and phase by crossing a phase singularity (S). The phase

singularity is the special point where a) the amplitude is zero (Pmin ≈ Pnoise) and where

b) the phase jumps by π (quasi-infinite slope).

From these measurements we see that although the amplitude falls practically down to zero at

the singularity, the signal to noise ratio around the phase singularity (Fig. 6.12b, markers A and

B, separated by 20 nm) is sufficiently large to locate the phase jump with high accuracy. In fact,

in Fig. 6.12b, from Eq. (2.18), the signal to noise ratios at the points A, S and B are

SNRA = 2  dB6 , SNRS = 6 dB and SNRB = 21 dB, respectively, corresponding to the optical

powers of PA = −10 14  W, PS = −10 16  W  and PB = ⋅ −3 10 15  W with B = 50 Hz. The resulting

standard deviations for the phase measurement are obtained from Eq. (2.21) as δϕA = °3 ,

δϕS = °30  and δϕB = °5 . Although the phase is not well measured at S, the transition is very

well localized (within 10-20 nm) by the measurements at marks A and B in Fig. 6.12b.

In general, dislocations are curved lines in space. At any given point on such a line, the sense

of a small closed path around the phase singularity is chosen so that the total phase change, at a

fixed time, is +2π. By integrating the phase change on a closed path around the singularity

(shown by two circles in Fig. 6.13b) we get

dΦ = ±∫  2π . (6.16)

which is an essential property of a phase dislocation [72] and the value is unchanged as the path

is varied. By using a right-hand rule, we can assign a direction to the dislocation, with unit vector

d (Fig. 6.13a). A topological index is associated with dislocations. The index s is defined by the

integral of the phase on a positive (anticlockwise) circle around the point:

s d= ∫ 
1

2π
Φ . (6.17)
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In our case, at phase singularities shown in Fig. 6.13b, s = ±1. The case where the vector d is

momentarily parallel to the surface corresponds to a mutual annihilation or creation of two

topological points of opposite sign. Thus, s = 0 for a closed path surrounding both of them.
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Figure 6.13: a) The circulation sense of two edge dislocations with opposite topological index

(s = ±1) (from [72]). b) Two measured edge dislocations (zoom out of Fig. 6.11a). As

the propagation travels from down to up (white arrow), the phase turns around the

edge dislocations (circles) with opposite sign. Contours of equal phase (solid lines)

are drawn at intervals of π/4. A 2π range of phase lines comes into each dislocation.

The contours of equal amplitude (broken lines) are shown. The minimum amplitude

contour lines enclose the two phase singularities.

6.5 Polarization effects in TM-mode

In section 6.3 we discussed the case of TE-mode diffraction by a grating. For the TM-mode

the situation is more complicated, because the electric field has two components Ex  and Ez .

Therefore, the crucial question arises: what does the tip “see” and which field does it really

capture? We will try to answer this fundamental question by analyzing the components of the

diffracted field and by comparing the experimental results with the theoretical expectations. The

measurements in the TM-mode have been performed with the same set-up and under identical

conditions as for the TE-mode. The results are shown in Fig. 6.14. Although the amplitude field

may look quite similar to the TE-mode, we see that the phase is totally different.
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Figure 6.14: Measured TM-mode diffraction of a 1 µm pitch grating (700 nm height): a)

amplitude and b) phase. At the position of z = 0.58 µm (dashed lines), the tip touches

and damages the photo-resist structure.

For the TM-mode, the coupling of the two components of the diffracted total electric field Ex

and Ez  to the scanning probe has to be considered. For a single mode 0°-cleaved fiber, only Ex

would contribute to the fiber mode excitation. For a sharp fiber tip, the polarization coupling

behavior is quite different and still not well established.

The vector   
r
E  is composed of the two orthogonal components Ex  and Ez  (Eqs. (6.14) and

(6.15)). Since they are orthogonal, they do not interfere. By introducing a fiber tip, the two

components are coupled to the same propagating mode in the fiber and can therefore interfere

with each another. This effect is similar to the interference of two orthogonal polarizations

observed behind an analyzer, as explained in Fig. 6.15. By introducing the coupling coefficients

[63] cx  and cz  for the Ex  and the Ez  component, respectively, we can express the total collected

electric field by

E c E c Ecoll x x z z= +  . (6.18)

Ex

Ez

Ex

Ez
c Ez z

c Ex x

x

z

x

z

analyzer

Figure 6.15: Analyzer (with arbitrary orientation) analogy of electric vector components

coupling.
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In Fig. 6.16, we present the rigorous calculation of the diffracted field for each component Ex

and Ez  in the TM-mode, using the FMM. For Ex , the diffracted field can be assimilated to the

TE-mode by symmetry and agrees with the results of Eq. (6.14). For Ez , however, the behavior

is completely different Eq. (6.15). Although the amplitude distribution (Fig. 6.14a) for the Ex

component looks similar to the measured one in Fig. 6.9a, the phase distribution (Fig. 6.14b) for

both Ex  and Ez  is completely different from the measured one (Fig. 6.9b).

a)

A
m

pl
itu

de
 (

a.
u.

)

b)

c)

A
m

pl
itu

de
 (

a.
u.

)

d)

Figure 6.16: Rigorousely calculated field diffracted by a grating in the TM-mode. The field

inside the structure is not presented. a) Amplitude and b) phase of the Ex  component.

c) Amplitude and d) phase of the Ez component.

If we assume now that the coupling coefficients for Ex  and Ez  are the same ( c cx z=  ), we

get the amplitude and phase distribution of the collected field shown in Fig. 6.17. This result

corresponds quite well with the measured distribution in Fig. 6.14. The analogy with the

analyzer would correspond to a 45°-orientation. It is interesting to note that the phase

singularities have completely disappeared. It is important to be aware of this influence of the

vector coupling behavior of the probe for image interpretation with scanning probe optical

microscopes. The presented results demonstrate clearly that the phase distribution is more

significant than the intensity (or amplitude squared) to establish the vector coupling properties of

the probe and to avoid that artifacts are measured.
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Figure 6.17: Rigorousely calculated a) amplitude and b) phase of the collected electric field for

c cx z=   ( E E Ecoll x z= +  ).

6.6 Comparison with a high resolution interference
microscope (HRIM)

For comparison, we also measured the phase distribution of the optical field behind the same

grating with a high-resolution interference microscope [71, 73]. This instrument is based on a

Mach-Zender interference microscope which has been modified in order to obtain a large

magnification of about 1:1000 on a CCD camera, corresponding to 10 nm per pixel, and phase

measurements in the z-direction, thanks to a scanning translation stage. The resulting phase

measurements for a 1 µm grating illuminated in the TM-mode with λ = 633 nm is shown in

Fig 6.18. The measured phase distribution is similar to the one calculated for the Ex
 component in

Fig. 6.16b. In fact, in the case of the HRIM the total electric field (composed of Ex  and Ez

components) interferes with the reference plane wave, which has only a Ex  component. Thus,

Ez  is not detected and the measured phase is given by the Ex  component alone. The result is

completely different from the measurement with the scanning fiber tip probe.

Figure 6.18: Measured phase with the high-

resolution interference microscope

(HRIM) behind a 1 µm grating

illuminated in the TM-mode with

λ= 633 nm.
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6.7 Conclusion

We have presented amplitude and phase measurements emerging from microstructures, in

particular from gratings. The measurements have been made with a coherent heterodyne

scanning probe optical microscope. Interaction with micro-optical structures changes the

amplitude and phase of the incoming light field. Measuring the amplitude and the phase gives

information about the structure, but the relationship is not trivial.

The properties of optical structures can be studied on the basis of phase singularities produced

by the diffracted field. As the variation of the phase at these positions is very sharp (18°/nm),

sub-wavelength resolution of phase measurements in the range of 10 nm has been achieved. The

amplitude at phase dislocations is really zero (close to the shot noise limit) and thus the signal to

noise ratio vanishes, leaving the phase undefined. However, the measured points before and after

the phase transition (Fig. 6.12) are well-defined, allowing the phase singularity to be localized

with sub-wavelength resolution. Phase measurements obtained with a high-resolution

interference microscope show similar spatial resolution for phase singularities. However, in this

case only the transverse (x,y) components of the electric field vector contribute to the measured

amplitude and phase.

The field conversion by a SNOM probe is not yet well understood. We tried to provide some

answers to this mechanism by an analysis of the measured components of the electric field

vector in TM-mode. Interesting polarization effects have been observed. Our conclusion is that

the z-component of the diffracted field contributes nearly as much as the transverse x-component

to the excitation of the propagating mode in the fiber probe. In the future, we hope that such

studies will help to understand the field conversion, and thus to establish the vectorial transfer

function of the tip.
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7 Conclusions

The main goal of this work was to understand optical fields with sub-wavelength features. To

exactly know the characteristics of an optical field, intensity is not always sufficient. It is

therefore essential to measure the amplitude and the phase. For this purpose, we have developed,

within the framework of this thesis, a coherent probe system based on the combination of a

heterodyne interferometer with a scanning near-field optical microscope (SNOM), allowing

amplitude and phase measurement of propagating and non-propagating optical fields with sub-

wavelength resolution. Thanks to heterodyne detection, we gain a factor 2 for the sensitivity with

respect to direct detection. Low optical signals have been detected down to 10 1016 17− −− W and

the optical phase has been measured with high accuracy (down to 0.33° for an optical power

Po  = 1 pW). A second goal was to understand the mechanism of the scanning near-field optical

microscope itself, via to basic approaches. In fact, the coupling of the light into a probe is not yet

well understood. We have also demonstrated that a physical hole is not necessary to build

working near-field probes. The light can tunnel through a thin (about 20-50 nm) metallic coating

at the tip.

In order to characterize our novel instrument, we have performed different measurements on

simple optical fields. As a first test, we have measured the amplitude and the phase of a plane

wave, showing the wavefronts of the propagation. Then, we have been interested in evanescent

optical fields produced by total internal reflection at the interface of a prism. By frustrating the

total internal reflection, we coupled the light into a fiber probe. The evanescent wave

measurements also a allowed demonstration of the large dynamic range of heterodyne detection.

In fact, the ratio between the maximum and the minimum detected optical power was in the

presented measurements about 104 . Moreover, it has been shown that the detection of

evanescent fields may be corrupted by light scattered at the surface from defects or dust. 2-D

scans allowed better observation of this phenomenon and to determine the position of the sources

of the scatters. It has also been shown that humidity may cause the formation of a water

meniscus between the tip and the surface, which perturbs the measurements of evanescent fields

drastically.
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We have presented amplitude and phase measurements of a standing evanescent wave.

Changes of amplitude and phase around transition points (with a slope of 7.5°/nm) have been

observed with high resolution (1.6 nm between sample points), even though the width of the

fiber tip (larger than 30 nm) is significant. Although the intensity is low at the nodes of the

evanescent standing wave, the resolution of the phase is high (0.4°) because the SNR is still good

(43 dB).

An important part of our work was the study of the amplitude and phase emerging from

microstructures, in particular from gratings. Interaction with micro-optical structures modifies

the amplitude and phase of the incoming light field. Measuring the amplitude and the phase can

lead to information about the structure, but the relationship is not trivial. The properties of

optical structures can be studied on the basis of phase singularities produced by the diffracted

field. As the variation of the phase at these positions is very sharp (18°/nm), sub-wavelength

resolution of phase measurements in the range of 10 nm has been achieved. The amplitude at

phase dislocations is zero and thus the signal to noise ratio (close to the shot noise limit)

vanishes, leaving the phase undefined. However, the measured points before and after the phase

transition are well-defined, allowing the phase singularity to be localized with sub-wavelength

resolution. The field conversion by a SNOM probe is not yet well understood. We tried to

provide some answers to this mechanism by an analysis of the measured components of the

electric field vector in TM-mode. Interesting polarization effects have been observed. Our

conclusion is that the z-component of the diffracted field contributes nearly as much as the

transverse x-component to the excitation of the propagating mode in the fiber probe. In the

future, we hope that such studies will help to understand the field conversion, and thus to

establish the vectorial transfer function of the tip.

The main aims of this work have been achieved. The measurement of the amplitude and phase

in optical fields with sub-wavelength features has been demonstrated, opening a new area of

research in nano-optics. In fact, such an instrument can be utilized in different domains. In

future, we hope that coherent scanning probes can aid us in the understanding and the fabrication

of optical nano-structures, such as photonic bandgap waveguides used in telecommunication

devices.
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8 Appendix

8.1 Scanning software

The raster scan, as well as the image acquisition, explained in section 3.2.4, are performed by

software written in Labview (Fig. 8.1). In this appendix, we will briefly explain its functioning.

As the commercial software of the AFM does not allow any changes for specific applications, in

particular for XZ-scans, another solution has been found. Thanks to the external x-y-z translation

stage, driven by our software, we are able to fulfill all the 3-D movements in free space.

Figure 8.1: Picture of the scanning and acquisition software interface, written in Labview.
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The task of this computer program is the following: the sample, mounted on a x-y-z

translation stage (Fig. 6.7a), moves with respect to the SNOM probe in a plane above the sample

(XY, XZ or YZ). In this section, we will show an example for XZ-scans (Fig. 6.7b). A certain

number of data points (pixels) is acquired simultaneously in order to build an image.

The flow chart showing the different steps of the software is presented in Fig. 8.2.

START 

N
 =

 N
+

1 

yes

Save ?

N < Npix

END 

no

Initialization

no

yes

Save files 

Z-move (±∆z step)

X-Scan line & Acquisiton 

go back in x-direction

Figure 8.2: Flowchart of the X-Z scanning

and data acquisition software. After the

initialization of all the parameters, the scan

starts in the x-direction. The acquisition is

accomplished simultaneously. Each x-scan

amplitude and phase are directly displayed.

Then, we come back to the zero x-position

and move up or down in the z-direction to

begin a further x-scan. The loop ends when

all the number of Npix lines in z are fulfilled.

The complete X-Z images of the amplitude

and phase are displayed. If we want to save

the images, the data are stored in simple

text format files.

In section 3.2.4, we have introduced the time T of the acquisition, depending on the

integration time τ  and on the number of pixels Ns (Eq. 3.7). The sample, with respect to the tip,

is moved by a linear voltage ramp applied to the translation piezo-stage and scans one line of

length Ds  in a certain direction during the time T . Simultaneously, Ns data points are acquired.

For each data point, the acquisition of the optical signal is performed during a time τ ,

determined by the integration time of the lock-in amplifier. The output signals of the lock-in

amplifier Rcosφ  and Rsinφ  are saved in the input channels 2 and 3 (Fig. 8.1), respectively. The

movement of the tip, during a scan in the XZ-plane, for instance, is showed in Fig. 6.7b.

Before starting the scan, several parameters are initialized. These parameters are the starting

positions (in x and z) of the piezo-stage, the number of pixels for each direction, the scan time,

the size of the x-scan length and the z-step (up with a positive sign and down with a negative

sign). The number of pixels in the z–direction and the z-step gives the displacement size in z. A

pause time can be introduced before starting each new scan line in order to make the movement
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more stable. The text format files are numbered automatically in a new folder as follows:

“R”+month+day+file_number.

The data acquisition is accomplished simultaneously during the scanning in the x-direction. A

digital trigger ensures that the data acquisition and the ramp voltage in the x-direction start at the

same time. Each x-scan amplitude and phase are directly displayed (in the windows “Current

Amplitude” and “Current Phase” respectively in Fig. 8.1). Then, we come back to the zero x-

position and move up or down in the z-direction to begin a further x-scan. The loop ends when

all the number of Npix lines in z are accomplished. The complete X-Z image of the amplitude and

the phase is then displayed. If the image is satisfactory, we can save the data into simple text

format files (corresponding to the signals Rcosφ  and Rsinφ ). We can then rebuild the images

with mathematical operation in Matlab (section 3.4).
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