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In coherent homodyne apertureless scanning near-field optical microscopy (ASNOM) the background field can-
not be fully suppressed because of the interference between the different collected fields, making the images
difficult to interpret. We show that implementing the heterodyne version of ASNOM allows one to overcome
this issue. We present a comparison between homodyne and heterodyne ASNOM through near-field analysis of
gold nanowells, integrated waveguides, and a single evanescent wave generated by total internal reflection.
The heterodyne approach allows for the control of the interferometric effect with the background light. In par-
ticular, the undesirable background is shown to be replaced by a controlled reference field. As a result, near-
field information undetectable by a homodyne ASNOM is extracted by use of the heterodyne approach. Addi-
tionally, it is shown that field amplitude and field phase can be detected separately. © 2006 Optical Society of
America

OCIS codes: 180.5810, 110.2990.
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. INTRODUCTION
ince the first results of Pohl et al.,1 scanning near-field
ptical microscopy (SNOM) has provided optical resolu-
ion below the diffraction limit using primarily aperture
robes produced from tapered optical fibers.2–4 Wave-
ength cutoff effects and difficulties with the fabrication of
robes are the primary limits of the use of such probes.
n alternative technique uses a homogenous probe that is
enerally made of a metal or semiconductor.5–13 This
NOM approach is called apertureless SNOM or ASNOM.
t can also be called scattering-type SNOM as a reminder
0740-3224/06/050823-11/$15.00 © 2
hat the tip extremity acts like a Mie–Rayleigh scattering
article. The reader is referred to a recent review on
SNOM by Patanè et al.12

Generally developed from atomic force microscopy
AFM), ASNOM uses an AFM tip as a SNOM probe that
cts as a nanoantenna to scatter the optical near field of
he sample. This SNOM approach presents several ad-
antages discussed in Ref. 12, and its impact as a power-
ul tool for nano-optical characterization continues to in-
rease. For example, it enables nano-optics to be
erformed over a wider range of wavelengths including
006 Optical Society of America
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nfrared thermal radiation.14,15 However, even though
SNOM already allows for nanometer-scale physical
tudies, some efforts are still needed to understand and
xperimentally control the process of image formation.
he present paper addresses these issues.
In ASNOM, external conventional optics (fibers or ob-

ectives) allow for far-field illumination and detection.
onsequently, background optical fields that are not re-

ated to the field scattered by the tip end can be collected.
or instance, scattering from defects located within the
verall detection area can give rise to large signals re-
ponsible for an undesired background. Several methods
ave been proposed to extract the signal issued from the

ocal interaction between the tip end and the sample sur-
ace. These include tip-to-sample distance modulation
ith lock-in detection,9–15 demodulation at the high har-
onics of the modulation frequency,16,17 the use of fluo-

escent active centers integrated at the tip extremity,18,19

nd the excitation of local tip field enhancement at the tip
pex.20 In many experiments, these methods have permit-
ed the extraction of near-field components in the pres-
nce of a high level of background field. On the other
and, numerous authors have mentioned that, in the case
f light–matter elastic interaction, the background field
annot be fully suppressed because of the coherent super-
osition of the different collected fields. Consequently, the
ear-field contrast becomes complicated by interference
ffects appearing in the images.

Recently, a detailed study of this interferometric effect
as proposed by Aubert et al.21 The conclusion of this

tudy is of importance: in coherent ASNOM, both the na-
ure and the behavior of the signal are dramatically de-
endent on tip environment as well as tip position on the
ample surface. This sensitivity originates from the inter-
erence between the field scattered by the tip and the
ackground scattered field. Generally speaking, the
NOM signal can describe either the near-field intensity
r the complex field amplitude derived from the interfero-
etric effects, but usually there is a subtle mixing of both

erms. The effective weight of the interferometric term in
he signal depends on the experimental conditions includ-
ng tip position with regard to the detector and the sur-
ounding scattering structures. This homodyne ASNOM,
hereby the scattering from the sample is collected along
ith the scattering from the tip–sample interaction with-
ut additional manipulation, can make ASNOM imaging
ifficult to interpret. Aubert et al. concluded that, despite
he richness of the signal, the effect of the interferometric
erm cannot be fully controlled or eliminated with this
ype of ASNOM configuration. The authors recommended
hat the heterodyne version of the ASNOM should be
referentially used. Keilmann and coworkers were the
rst to use heterodyne ASNOM.11,22,23 They demonstrated
eparate detection of amplitude and phase with a resolu-
ion of 20 nm in both the visible and the infrared. Refer-
nces 11, 22, and 23 present brief but clear demonstra-
ions of the capability of the heterodyne ASNOM.
owever, the intrinsic interferometric effect in homodyne
SNOM was not studied, and no comparison between the
omodyne and the heterodyne approaches was proposed.
In Ref. 21, homodyne ASNOM was analyzed through

vidence of uncontrollable interferometric effects. In this
aper, we present an extensive comparison between the
wo versions of ASNOM, i.e., the traditional homodyne
onfiguration and the heterodyne approach. We show that
he heterodyne approach clearly allows for the control of
he interferometric effect between scattering from the tip
nd a background field. In particular, the undesirable
ackground is shown to be replaced by a controlled refer-
nce field. As a result, near-field information undetectable
y homodyne ASNOM is extracted by use of the hetero-
yne approach.
The article is divided into the three following sections.

n Section 2, we theoretically describe both homodyne and
eterodyne ASNOM. This description is detailed and will
llow us to comment on the experimental data. In particu-
ar, most of the calculated terms will be experimentally il-
ustrated. In Section 3, we present the experimental ap-
aratus. Next, in Section 4, near-field images obtained
ith the two ASNOM configurations are presented, ana-

yzed, and compared with each other. These images allow
s to observe the intrinsic interferometric effect of the ho-
odyne configuration and to show how the heterodyning

ontrols this effect. In particular, we show that, although
he homodyne ASNOM signal can describe nearly ran-
omly either the field intensity or the complex field am-
litude, the heterodyne mode provides independently the
mplitude and the phase information. The studies were
erformed on metal nanowells, integrated waveguides,
nd a single evanescent wave generated by total internal
eflection.

. HOMODYNE AND HETERODYNE ASNOM
. Homodyne ASNOM
igure 1(a) represents schematically a typical homodyne
SNOM where both illumination and detection occur

hrough far-field geometries. The tip used is a tapping-
ode atomic force microscope probe vibrating vertically

bove the sample at a frequency f with an amplitude of a
ew tens of nanometers. The probe is placed a few nanom-
ters from the sample surface. The sample–tip junction is
lluminated with a monochromatic field at frequency �.
he light elastically scattered by the tip extremity in
ear-field interaction with the sample’s evanescent field is
ar-field detected with a microscope objective and is re-
erred to as Et. Owing to the far-field detection, fields
ther than the field scattered by the tip end have to be
aken into account. For this discussion we refer to this
eneral background field as Eb, which originates from
cattering occurring at the sample surface. Eb would be
etected even without the presence of the tip. Let us con-
ider only elastic optical light–matter interactions. In
ther words, let us suppose that the electromagnetic fre-
uency � is the same for all the involved fields. Eb and Et
re characterized by their respective amplitude and
hase: ��Eb � ,�b� and ��Et � ,�t�. The far-field-detected in-
ensity I is a result of the coherent interference between
b and Et:

I = �Eb + Et��Eb
* + Et

*�, �1�

here E* is the complex field conjugated to E. Hence,
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I = ��Eb�exp�j��t + �b�� + �Et�exp�j��t + �t���

���Eb�exp�− j��t + �b�� + �Et�exp�− j��t + �t���

= �Eb�2 + �Et�2 + 2�Eb�Et�cos��t − �b�. �2�

et us consider that I is lock-in detected at the tip vibra-
ion frequency f or at its harmonics nf, where n is an
nteger.16,17 Since the first term of Eq. (2) corresponds to
he intensity of the background field that is not modu-
ated by the tip, it is, to a first approximation, filtered out
y lock-in detection. The second term of Eq. (2) is the in-
ensity of Et, which is the field of interest. It is expected to
e modulated at nf. The third term is the interference
erm. It is also time varying and can be detected by
ock-in detection at nf. The intensity after the lock-in de-
ection is thus

I = �Et�2 + 2�Eb�Et�cos��t − �b�. �3�

quation (3) highlights the double nature of the ASNOM
ignal, which can describe the field intensity or the com-
lex field amplitude or, more generally, a subtle combina-
ion. In the case of a rough, highly scattering sample,
Eb � � �Et�, and the second term of Eq. (3) dominates. The
etected intensity then consists primarily of the complex
ear field, and the ASNOM signal contains both phase
nd amplitude information. In other, less common cases,

Et�2 can become significant with regard to the back-
round field. This scenario is conceivable, for example, if
he probe detects a single resonant metal nanoparticle de-
osited on a clean and smooth surface.13 In this case, the
SNOM is expected to be mainly sensitive to the near-
eld intensity. The main issue that is highlighted by Eq.
3) is the dependence of the signal on Eb and �b, which are
ot controllable and can even vary during scanning. This

ig. 1. (a) Schematic configuration of a homodyned ASNOM.
he detected light is the coherent superposition of the field scat-

ered by the tip Et and a background field Eb originating from the
ample. (b) Schematic configuration of heterodyned ASNOM
here a frequency-shifted reference field Er is added to control

he background signal.
ssue has been discussed and illustrated experimentally
n Ref. 21. As a result, the nature of the SNOM signal is
andom and variable during scanning, making the image
ifficult to interpret.
It should be noted that a high degree of coherence is not
prerequisite to ensure the above interference. The in-

rinsic interferometer shown in Fig. 1(a) actually involves
small difference of optical paths between Et and Eb. As a

esult, even light sources with a small coherence length
an produce this interference effect. Most of the ASNOM
esults published so far in the literature are likely to be
ighly interferometric.21,24 It is also likely that most of
he ASNOM results published so far have, perhaps unwit-
ingly, taken advantage of the interferometric effect be-
ause �Eb� acts as an enhancement factor with regard to
Et�, as shown in Eq. (3).

. Heterodyne ASNOM
he heterodyne version of the ASNOM appears to be nec-
ssary to control the above-described effect. The main
dea is illustrated in Fig. 1(b). It essentially replaces the
ncontrolled background field with a controllable refer-
nce field �Er ,�r� that is frequency shifted by �� relative
o Et. A new lock-in frequency is then used to eliminate
he variable background field.

This method can be understood by considering the in-
erference among three fields instead of two: the field of
he tip (the field of interest), the background field, and the
eference field. As a result, the far-field-detected intensity
ecomes

I = �Eb + Et + Er��Eb
* + Et

* + Er
*�, �4�

hich leads to six intensity terms:

I = I1 + I2 + I3 + I4 + I5 + I6

= �Eb�2

+ �Er�2

+ �Et�2

+ 2�Eb�Et�cos��b − �t�

+ 2�Eb�Er�cos���t + �r − �b�

+ 2�Et�Er�cos���t + �r − �t�. �5�

In Eq. (5), the first three terms �I1 ,I2 ,I3� correspond to
he respective intensities of the different fields. Among
hem, only I3= �Et�2 is time varying and can be extracted
y lock-in detection at frequencies nf,16,17 thereby filter-
ng out �Eb�2 and �Er�2. The fourth term �I4� corresponds to
he interference between the background field and the
eld scattered by the tip. This term has been discussed in
ubsection 2.A and is modulated by the tip at nf frequen-
ies. I5, the fifth term, results from the interference be-
ween the background field and the reference field. This
erm beats at a �� frequency. Experimentally, I5 is used
o adjust the interferometer alignment by observation of
he �� beating with an oscilloscope. The sixth term, I6, is
he term of interest. It corresponds to the interference be-
ween Et and the reference field, regardless of the back-
round field. It can be extracted by a different lock-in de-
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ection frequency of nf−�� /2�. Keeping in mind that �Et�
s modulated by the tip oscillation, we can actually ex-
ress I6 as a Fourier series:

I6 = A1�Et�cos��t��Er�cos���t + �r − �t�

+ A2�Et�cos�2�t��Er�cos���t + �r − �t�

+ A3�Et�cos�3�t��Er�cos���t + �r − �t� + . . . , �6�

here �=2�f.
In Eq. (6) the weights Ai of the Fourier terms are easily

alculable if the detection of a single evanescent wave
generated by total internal reflection) is
erformed.21,25,26 In the case of evanescent fields gener-
ted by diffraction by small objects, the problem is more
omplex because the near field detected by the tip can be
iewed as a continuous spectrum of planes waves.27 If we
ocus our attention, for example, on the second term of
q. (6), we have

I6��Et��Er�cos��2� ± ���t + �r − �t�. �7�

xpression (7) shows that it is possible to obtain valuable
ata by performing lock-in detection at a frequency �2�
��� /2�. The amplitude channel of the lock-in amplifier
ow provides the amplitude of the tip field, without any
hase information, independently of the background field.
n addition, this amplitude is enhanced by an adjustable
actor �Er�. On the other hand, the phase channel provides
ure phase information on the tip field whose origin is the
hase of the reference field, thus yielding valuable infor-
ation on the phase delay of the optical near field relative

o the reference field. Such information can be valuable
or determining the physical origin of the optical near
eld. For example, in the case of metal nanostructures,
hase information can reveal if the evanescent field is due
o a plasmon resonance or if interparticle electronic cou-
ling is occurring.

. EXPERIMENTAL SETUP
igure 2 shows schematically the two experimental con-
gurations that were used to address the above issues.
igure 2(a) represents a backscattering reflection-mode
onfiguration similar to that developed by Keilmann and
o-workers.11,22,23 The general setup has been developed
rom a commercial atomic force microscope (Multimode
rom Digital Instruments with a Nanoscope IIIA control-
er) to which a Michelson interferometer has been inte-
rated. A laser beam delivered by a single-mode krypton-
on laser �	=647.4 nm� is split by the beam splitter BS1
nto two beams. The first beam is frequency shifted by ��
ith two crossed acousto-optical modulators (AOM1 and
OM2). �� is set in the few hundreds of kHz range with
precision of 10 kHz. This first beam is launched into a

ingle-mode optical fiber by the objective lens L1 and is
efined as the reference field Er. The second beam emerg-
ng from BS1 is directed to the objective lens O [numerical
perture �N.A. �=0.28, focal length 10 mm], which fo-
uses the light onto the extremity of a silicon AFM tip
Mikromasch, NSC15) in interaction with the sample. The
xis of the objective has an angle of 15° with the sample
urface. The tip operates in tapping-mode AFM, vibrating
erpendicular to the sample with a f frequency of
300 kHz and an amplitude of 	40 nm. As discussed in
ection 2, the local tip–sample–light interaction leads to
cattered light �Et+Eb� that is collected by the same ob-
ective lens (reflection-mode backscattering configuration)
nd coupled into the optical fiber by the objective L1. The
ingle-mode optical fiber (core diameter 	4 
m) acts as
n efficient means to force the interference among the
hree involved fields. Since the fiber operates in single
ode, only one wave vector is guided, making the differ-

nt field wave vectors automatically collinear to each
ther. The performance of the interferometer has been
emonstrated by observation of the �� beating [corre-
ponding to the fifth term of Eq. (5)], with an oscilloscope.
his beating is easily observable if a highly scattering
ample is used.

The focal length of L1 has been chosen with regard to
he objective O so that the image of the 4 
m fiber core by
he two lenses (L1,O) has a size comparable with the dif-
raction spot of the objective O (diameter=1.22	/N.A.
2.8 
m). We choose a 20 mm focal-length lens L1, allow-

ng for a confocal detection of the light scattered only
ithin a few micrometers of the tip end. The CCD camera

hown in Fig. 2(a) allows for easy observation of the tip,
ample, and incident laser spot. The confocal zone of de-
ection can be visualized by one’s coupling an additional
aser beam from the other extremity of the fiber (not
hown in the figure). With translation stages and kine-
atic mirrors mounts, it is possible to adjust the position

f zones of illumination and detection at the apex of the
ip. The polarization state of the incident field is linear
nd can be controlled by a rotating half-wave plate (not
hown in Fig. 2). The polarization state of Er is also ad-
usted to maximize the visibility of the interference signal
t ��. After detection of the light by a photomultiplier
PM), the SNOM signal is obtained by lock-in detection at
arious frequencies �f ,2f ,2f−�� /2� . . . �. The tapping-
ode AFM signal is simultaneously recorded.
Figure 2(b) shows an alternative heterodyned configu-

ation where the illumination of the sample occurs
hrough total internal reflection. The detection path is es-
entially identical to that of Fig. 2(a).

. NEAR-FIELD IMAGING: HOMODYNE
ERSUS HETERODYNE
. Amplitude Imaging
igure 3 illustrates the interferometric nature of the sig-
al that is typically collected with the homodyne ASNOM
onfiguration where fringes dominate the contrast. The
ample consists of a 50 nm high, 300 nm wide gold wire
roduced by electron-beam lithography. The sample was
lluminated by a p-polarized evanescent wave generated
y total internal reflection [Fig. 2(b)]. The respective pro-
ection of the incident �ki�� and detected �kd�� wave vec-
ors are represented by white arrows. The 4 
m�4 
m
NOM image has been obtained by lock-in detection (am-
litude channel) at the f frequency. It has been shown
hat fringes similar to those observed in Fig. 3 correspond
o the description of the phase of the incident evanescent
ave relative to the position of the detector.21 The fringes
re oriented as if they acted as a mirror reflecting k to
i�
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d�. In Fig. 3, the interferometric term (the second term)
f Eq. (3) clearly dominates. The presence of the structure
erturbs the system of fringes, in a manner similar to far-
eld microscopy based on interferometry.28 Any such local
erturbation is valuable because it corresponds to the
ear-field perturbation of �t−�b in Eq. (3). As a result,
ig. 3 represents the near-field optical phase image of the
ample surface. The gold wire appears dark because of a

ig. 2. (a) Details of the reflection-mode backscattered heterody
y BS1. The transmitted beam, i.e., the reference field Er, is fre
ingle-mode fiber. The beam reflected from BS1 is directed throu
y the objective O. The scattered light originating from the tip–
oupled to the optical fiber. The remaining fraction of the scattere
t ,Eb, and Er then interfere in the fiber, and the modulation is lo

ent illumination of the tip–sample. The evanescent excitation i
ens. The heterodyne detection is essentially the same as in (a).
robable destructive interference between the back-
round field and the field scattered by the tip extremity.
recise information about the fields is, however, difficult

o obtain. If we consider that �b is constant during scan-
ing, �t can be modified by the relief of the sample as well
s its local dielectric constant. In addition, the second
erm of Eq. (3) can also be sensitive to the variation of the
mplitude of E . As a result, the optical contrast sur-

p. The incident light from a Kr-ion laser is split into two beams
shifted by two crossed acousto-optical cells and is coupled to a

ns combination (L3 and L1) and is focused on the tip extremity
le �Et+Eb� is collected by the same objective O and is partially
is imaged on a CCD camera for alignment purposes. The signals

detected (b) Details of the heterodyned apparatus for an evanes-
rmed through total internal reflection inside an hemispherical
ne setu
quency
gh a le
samp

d light
ck-in
s perfo
t
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ounding the location of the gold wire should be viewed as
combination of the field amplitude, the field phase, and

he topography. Furthermore, Er can change during scan-
ing, making the nature of the contrast randomly
ifferent.21 Consequently, the image of Fig. 3 illustrates
oth the limitations and the complexity of the homodyne
SNOM configuration.
Figures 4 and 5 illustrate the general interest and mo-

ivation for pursuing the heterodyne version of the
SNOM. This study was performed using the reflection-
ode configuration shown in Fig. 2(a). The sample was
ade by a nanoimprint lithography method, whereby a

anostructured stamp is made through electron-beam li-
hography and then imprinted into a film of
olyurethane.29 The structure consists of circular nano-
ells with varied diameter and periodicity. We selected an
rea of the sample in which the diameter of the wells was
00 nm and the center-to-center spacing was 800 nm,
ith a well depth of 450 nm. The polyurethane structure
as coated through vapor deposition with a 5 nm layer of
i and then a 40 nm layer of Au. Since this deposition oc-
urred with the sample surface normal to the source, it is
xpected that the metal film covers the bottom of the
ells and the top of the film but not the sides of the wells.
igures 4(a) and 4(b) show the scanning electron micros-
opy (SEM) and tapping-mode AFM images of the sample,
espectively. Such metal structures are of interest in the
eld of plasmonics and near-field optics.30,31 In each of the

ollowing ASNOM images, the projection (onto the sample
urface) of the incident and detection wave vectors as well
s the polarization of the incident field (E) and that of the
nalyzed field (A) will be represented with black arrows.
t should be reiterated that the selection of the detection
olarization is enabled by the adjustment of the direction
f polarization of the reference field (see Section 3). This
s why no polarization analysis is performed in the case of
omodyne imaging. Figure 4(c) is a homodyne 3 
m
3 
m ASNOM image (amplitude) recorded at frequency
using the configuration shown in Fig. 2(a). Similar to

ig. 3. (Color online) ASNOM image of a gold nanowire ob-
ained with homodyne detection. The sample was illuminated us-
ng the evanescent excitation depicted in Fig. 2(b). The incident
eam is p polarized, and the signal was demodulated (amplitude
hannel) at the tapping frequency f. The arrows represent the
rientations of the projection on the sample surface of incident
ave vector ki� and the detected wave vector kd�.
ig. 3, we observe a fringe system locally perturbed by the
oles. This perturbation has to be evaluated with regard
o a nonperturbed fringe system obtained on sample
ones without any holes [Fig. 4(d)]. Since the sample has

significant surface profile, the background was high,
nd it is not surprising that the interferometric term of
q. (3) highly dominates in Fig. 4(c). Again, the direction
f the fringes corresponds to a mirror reflecting ki� to kd�.
imilar to Fig. 3, it is difficult to evaluate the respective
eight of the topography and the optical effects in Fig.
(c). In Fig. 4(e), the use of the 2f harmonic allows for de-
cription of near-field effects with a higher contrast16,17

hile maintaining the complex interferometric nature of
he ASNOM signal.

Figure 5 shows ASNOM images of the nanowells by us-
ng the heterodyne version of the detection. Clear and sig-
ificant improvement in the detection of the optical near

ig. 4. (Color online) Homodyned ASNOM images of the nano-
ells. (a) SEM image of the nanowells. (b) Topography of the
ells obtained by tapping-mode AFM. (c) Homodyne detection of

he amplitude signal obtained by demodulating the scattered in-
ensity at the tapping frequency f for an incident p polarization.
he arrows represent the orientations of the incident wave vector
i� and the detected wave vector kd�. The white circle indicates

he perturbation of the fringes by the well. (d) ASNOM image of
sample zone without any holes. The image was obtained under

he same condition as for (c). (e) Demodulation of the scattered
ntensity at 2f.
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eld is present. We obtained optical images by performing
ock-in detection (amplitude channel) at the frequency
2�−��� /2�=100 kHz. As shown in expression (7), the
ignal is thus proportional to the modulus of the field
cattered by the tip end, without any phase information.
his is confirmed by the absence of fringes in Fig. 5(a). In
he literature on ASNOM, it is surprising to note that the
ringes appearing in homodyne ASNOM were both re-
orted and interpreted only by Aubert et al.21 and that the
bility of the heterodyne approach to remove the fringes
as not illustrated. Figure 5(a) was obtained with p illu-
ination (incident polarization parallel to the incident

lane) and p detection (only the scattered light whose po-
arization is in the incident plane was detected). For an
llumination that is s polarized (incident polarization per-
endicular to the incident plane) and a p-polarized detec-
ion, the image represents the near field locally depolar-
zed by the nanowells as shown in Fig. 5(b). No valuable
mages were obtained with s-polarized detection, in agree-

ent with the fact that ASNOM is mainly sensitive to the
omponent of the electric field oriented along the axis of
he tip.12

The origins of the contrast mechanisms of Figs. 5(a)
nd 5(b) are now discussed. The geometry of the problem
s illustrated by Fig. 6(a), where the edge of the nanowell
s outlined by a white circle. The arrows represent the ori-

ig. 5. (Color online) Heterodyned ASNOM images of the
anowells. (a) Heterodyne amplitude signal obtained by demodu-

ating the detected intensity at the frequency �2�−��� /2�
100 kHz. The arrows represent the orientations of the incident
ave vector ki� and the detected wave vector kd�. The incident
eam is p polarized, and the scattered signal is also detected
long the p direction. (b) Same configuration as in (a) with an
-excitation polarization and a signal detected at p.
ntation of the incident beam as well as the different po-
arization cases illustrated in Figs. 6(b)–6(e). In the case
f p illumination, the edge of the well acts like a geomet-
ic singularity with regard to the incident field. The field
irection is suitable to create an electromagnetic confine-
ent at the edge, leading to a local field enhancement32

FE). The FE effect involves mainly the field component
erpendicular to the surrounding dielectric medium (air)–
etal (gold) corner interface. This component is discon-

inuous at the dielectric–metal boundary and is associ-
ted with the surface charge density.32,33 In the case of p
olarization, the incident light drives the free electrons of
he metal along the axis of the corner of the edge, and an
ncrease in surface charge density is induced at the edge.
igures 6(b) and 6(c) show schematically the direction of

he incident p-polarized field with regard to the gold cor-
er at two different positions p1 and p2 along the edge.
hese figures illustrate that the FE occurs at every part
f the edge because the projection of the incident field
long the corner axis is significant everywhere at the
dge. As a result, a field localization occurs on the whole
dge of the nanowells, leading to bright rings that were
xperimentally observed [see Fig. 5(a)]. These rings corre-
pond to an increased near-field response whose polariza-
ion remains in the incident plane.

ig. 6. (a) Sketch of the geometry. The white circle represents
he rim of the well, and the labels p1 ,p2 ,s1, and s2 indicate the
ocation of different polarization cases considered in (b) to (e). (b)
nd (c) Schematics of the corner axis for a p polarization at the
oints labeled p1 and p2. (d) and (e) Schematics of the corner axis
or a s polarization at the points labeled s and s .
1 2
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In the case of incident s polarization, different cases
ave to be considered. Case 1 is labeled s1 in Fig. 6(a) and
(d). In that configuration, the incident field is mainly
angential to the edge, and the local field vanishes both
nside and outside the corner. The foremost end of the
dge remains thus unchanged. A second example is called
2 in Figs. 6(a) and 6(e). Here, unlike s1, the incident field
as a significant projection onto the corner axis. Conse-
uently, in the case of s polarization, the field amplitude
s expected to be nonuniform over the border of the wells,
s observed experimentally in Fig. 5(b).
To get more precise information about the field in the

icinity of the wells, we performed three-dimensional
lectromagnetic calculations based on the finite-difference
ime-domain (FDTD) method.34 This method has proved
o be fruitful for solving several near-field optical
roblems.13,35,36 The FDTD method is a flexible numerical
eans of solving Maxwell’s differential equations in both

ime and space for arbitrary system configurations. In
ig. 7 the results of an FDTD study on an array of nano-
ells similar to the experimental configuration are pre-

ented. Specifically, thin 5 nm Ti and 40 nm Au films are
laced on top of a polymer, and holes of diameter 500 nm
nd well depth of 450 nm are created at the top of the gold
lm. Finally, 5 nm Ti and 40 nm Au coatings are placed on
he bottom of each well. The center-to-center hole dis-
ance is 800 nm. The wavelength of incident light is
47.4 nm. The Au metal is described by a Drude model
ith parameters obtained by fitting the empirical dielec-

ric constants of bulk Au material at wavelengths close to
47.4 nm.35,36 To absorb waves approaching the numeri-
al grid edges, the film is truncated with a uniaxial per-
ect matching layer.32 A film of area 6 
m�6 
m contain-

ig. 7. Three-dimensional FDTD results (2 
m�2 
m calculat
ector: (a) p incident polarization, magnitude of the total field at
ent; (c) s incident polarization, magnitude of the total field; (d)
ng a square array of 7�7 nanowells is considered in our
alculations. We subsequently display and discuss just
he central 3�3 nanowell portion, which should be rela-
ively free of edge effects. A total field–scattered field
ethod34 is used to launch the incident light at an angle

f 75° from the normal to the metal surface, which corre-
ponds to the experimental configuration. The incident
ight corresponds to a plane wave of wavelength 647.4 nm

ultiplied by a flat-top Gaussian function as in Ref. 35 to
reate a 3 
m diameter beam spot. In the calculated im-
ges, the incident electromagnetic wave propagates from
ottom to top. For incident light with p polarization,
here the incident electric field has a significant compo-
ent normal to the surface, high intensity is seen all
long the edges of the nanowells, leading to bright rings
s shown in Figs. 7(a) and 7(b), which represent, respec-
ively, the magnitude of the total field and the surface
ormal field component at the sample plane. This is most

ikely due to the discontinuity of the normal component
ear the edges of the wells. We also note that the polar-

zation of the near field of the nanowells is mainly longi-
udinal, that is, parallel to the tip [see Fig. 7(b)]. This can
xplain why high contrast near-field images were ob-
ained using p-polarized detection: this contrast is be-
ieved to be enhanced by a lightning rod effect that occurs
t the tip extremity.20 Bright spots localized between the
ells predicted by Fig. 7(b) are not visible in Fig. 5(a) be-

ause the microscope is principally sensitive to evanes-
ent waves, whereas the bright spot has been shown to be
ainly made of propagating waves (bright rings corre-

pond to confined evanescent fields). For incident light
ith s polarization where the incident electric field is par-
llel to the surface, the intensity is lower, and its distri-

ges). The arrows represent the projection of the incident wave
mple surface; (b) p incident polarization, surface normal compo-
ent polarization, normal component.
ed ima
the sa
s incid
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ution is not uniform on the sides of the nanowells, as
hown in Figs. 7(c) and 7(d). Additionally, the surface nor-
al near field [Fig. 7(d)], corresponding to local light de-

olarization, has a low intensity compared with Fig. 7(b),
ossibly explaining why the obtained images have less
ontrast.

As a result, the heterodyne version of the ASNOM both
ncreases near-field sensitivity and allows for detection of
he actual field amplitude in the presence of high back-
round light, independently of the phase.

Approach curves have confirmed that the amplitude of
he near electromagnetic field can be detected by hetero-
yne ASNOM, without the mixing with phase or intensity
ighlighted by Eq. (3). A total internal reflection experi-
ent was performed within a prism (refraction index np
1.5), and the resulting evanescent wave was detected by
SNOM [see configuration of Fig. 2(b)]. The incident
ave �	=647.4 nm� was p polarized, and the angle inci-
ence � was 	55° (larger than the critical angle). The am-
litude of the field is then given by

E�z� = Eo exp�− z/dp�, �8�

here z is the distance to the prism surface and dp is the
eld penetration depth given by

dp =
	

2��np
2 sin2 � − nair

2 �1/2
, �9�

here nair is the air refraction index �	1�. For this experi-
ental configuration, we estimate that dp is approxi-
ately 144 nm.
The intensity I is thus given by

I�z� = Eo
2 exp�− 2z/dp�. �10�

is associated with an apparent decay length, which is
alf that of the amplitude (i.e., 	72 nm).
In the case of homodyne ASNOM, approach curves do

ot describe E or I but rather a subtle mixing of both of
hem.21 As a result, tip position and environment can pro-
uce different approach curves with various apparent de-
ay lengths �dp /2. Additionally, the measured approach
urve is not exponential-like if destructive interferences
ccur between tip field and background field.21

By performing lock-in detection at f and 2f, we ob-
erved the above effect, which illustrates the limits of the
omodyne ASNOM. However, as a complementary experi-
ent, we measured approach curves at f−�� /2�. In that

ase, approach curves were noted to be exponential-like
nd constant at all tip positions. Figure 8(a) shows an ap-
roach curve obtained at f−�� /2�. It is exponential with
decay length of 	145+−5 nm, characteristic of the field

mplitude rather than the intensity. Similar approach
urves were obtained for different tip positions. For ex-
mple, Fig. 8(b) shows an approach curve, measured at a

m distance from the position for Fig. 8(a). Figure 8(b)
resents the decay length of the field amplitude
140+−5 nm�. On the other hand, approach curves mea-
ured at f exhibit a dependence on both the tip position
nd the environment. As an example, Fig. 8(c) is an ap-
roach curve measured at frequency f in a sample zone
ith low roughness. The apparent decay length was mea-

ured to be 65±5 nm, characteristic of the intensity of the
eld rather than its amplitude. In that case the intrinsic
nterferometric effect is believed to be negligible (because
f a low background), and the ASNOM signal described
ainly the intensity [the first term of Eq. (3) dominates].
s a result, Fig. 8 confirms that the heterodyne ASNOM
llows for extraction of the actual field amplitude, with-
ut any phase information.

ig. 8. Approach curves recorded above a prism in which a total
nternal reflection was performed. ASNOM signal (from the am-
litude channel of the lock-in amplifier, arbitrary units) as a
unction of the average distance between the vibrating probe and
he prism surface. Field depth penetration was dp=144 nm. (a)
ignal demodulated at frequency f−�� /2�. Apparent depth pen-
tration 	dp. (b) Signal demodulated at frequency f−�� /2�. The
ip was placed at a 2 
m distance from the position for (a). Ap-
arent depth penetration 	dp. (c) Signal demodulated at fre-
uency f. The background was low because the tip was placed at
clean zone. Apparent depth penetration 	dp /2.
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. Phase Imaging
n Subsection 4.A we focused our attention on amplitude
mages and did not present any phase images whose in-
erpretation is underway. Clear phase imaging was, how-
ver, performed on optical integrated waveguides. The
tudied sample was a single-mode buried integrated
aveguide similar to that recently studied by homodyne
SNOM.21,37,38 The guide was produced by the ion-
xchange technique described in Ref. 39. The heterodyne
SNOM configuration was similar to that sketched in
ig. 2(b) except that the beam 80% reflected by BS1 was

aunched into the integrated waveguide. Moreover, a
emiconductor infrared laser was used as a source
wavelength=1.55 
m�. The tip was scanned above the
op of the guide and scattered the evanescent field gener-
ted by total internal reflection within the guide. We as-
ume that the AFM probe is passive and thus that the
cattered field is proportional to the guided field. Figure
(a) shows the AFM image of the guide. Figure 9(b) shows
he corresponding homodyne SNOM image obtained by
ock-in demodulation at the probe oscillation frequency f
involving wave vectors that are shown in Fig. 9(a)]. In
hat case, as shown in Subsection 2.A, a homodyne inter-
erometric signal is detected in addition to the intensity
ignal related to the probe (and the guided wave). The lo-
al phase variation of the field scattered by the tip is
ence converted into amplitude modulation, and the re-

ated phase shift in Eq. (3) leads to oblique fringes ap-

ig. 9. Near-field images of 10 
m�10 
m of a buried ion-
xchanged waveguide. (a) AFM image. The image height range is
0 nm, and the guide height is 20 nm. The white arrows repre-
ent the respective projection of the incident and detection wave
ectors used for the optical analysis. (b)–(d) ASNOM images at
=1.55 
m. (b) ASNOM image obtained by lock-in detection (am-
litude channel) at frequency f. The black segments highlight the
blique fringes. (c) ASNOM image obtained by lock-in detection
amplitude channel) at frequency f−�� /2�. (b) ASNOM image
btained by lock-in detection (phase channel) at frequency f
�� /2�.
earing on the experimental image [see Fig. 9(b)]. This
henomenon was reported in Ref. 21. However, with
ock-in demodulation frequency set to ��−��� /2�, it is
oticeable that the unmodulated background contribution
ancels (see Subsection 2.B). Figures 9(c) and 9(d) demon-
trate this effect. Figure 9(c) depicts the image provided
y the amplitude channel of the lock-in amplifier, and Fig.
(d) shows the lock-in phase image. A clear separation of
he optical phase and amplitude is achieved, in agree-
ent with results from Refs. 11, 22, and 23. The fringes

elated to the mix between Eb and Et actually vanished.
e can also notice in the amplitude image a quasi

tanding-wave issued from interference between a
orward-guided wave and a backward wave that was
resnel-reflected at the output facet. In addition, a com-
arison between the intensity image [Fig. 9(b)] and the
mplitude image [Fig. 9(c)] shows an increase of the sig-
al level, which is expected from the heterodyne detection
cheme, since �Et� is multiplied by a factor �Er� [see expres-
ion (7)]. In the case of Fig. 9(b), the signal-to-noise ratio
as dominated by Johnson noise (thermal electronic
oise), and the minimum detected optical power was of
he order of 10−12 W. In the case of the data image [Fig.
(c)], we achieved a shot-noise-limited detection (about
0−17 W), since the total optical power seen by the photo-
etector was enhanced sufficiently by the reference
ower. This allowed us to use a simple GaAs photodiode
nstead of a photomultiplier detector or an avalanche pho-
odiode, contributing to reduced electronic noise. In Fig.
(d), the wavefront of the guided field is clearly visible.
nalysis of such an image can lead to determination of
ropagation constants.40 As a conclusion of Subsection
.B, the heterodyne version of the ASNOM has been
hown to be able to extract both phase and amplitude of
he near field, independently of each other. It is obvious
hat this capability is of great physical interest, since it
rovides a direct and nondestructive way to quantify
aveguide optical parameters such as propagation con-

tants, mode profiles, and propagation losses.41

In conclusion, through several examples, we have
hown that implementing heterodyne interferometry is
n efficient way to both overcome problems related to the
ackground field in coherent apertureless scanning near-
eld microscopy and get field amplitude and phase with
ubwavelength resolution. From a general point of view,
he heterodyne ASNOM turns out to be a powerful tool for
haracterization of modern components in integrated
ptics.
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