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Influence of detection conditions on near-field optical imaging
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The process of image formation in transmission mode scanning near-field optical microscopy is
analyzed both theoretically and experimentally. Changes in the dielectric and topographic properties
of the sample influence not only the total transmitted intensity, but also its angular distribution in the
far field. This opens up anadditionalsource of optical information about the sample. Some of this
additional information is retrieved by separate but simultaneous detection of the radiation emitted at
angles smaller~allowed light! and larger~forbidden light! than the critical angle of total internal
reflection, respectively. Different experimental setups and their respective advantages are discussed.
High resolution, constant height mode optical images of test structures are compared with
theoretical predictions. Forbidden-light optical images frequently provide enhanced resolution and/
or contrast as compared to allowed light images. For smallphaseobjects, in contrast to amplitude
objects, a contrast reversal between forbidden and allowed light images is observed. ©1998
American Institute of Physics.@S0021-8979~98!02923-5#
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I. INTRODUCTION

One of the most common realizations of near-field op
cal ~NFO! microscopy is the transmission scanning near-fi
optical microscope~SNOM! with an aperture probe.1–5 A
metal-coated fiber tip with a small aperture at the apex u
ally serves as a light source illuminating a sample spot
subwavelength dimensions.4 For image generation, the opt
cal probe is raster scanned over the sample while maint
ing a gap width smaller than the aperture diameter and m
smaller than the wavelength of illumination. The transmitt
light is detected in the far field for each probe position.

Local variations in the optical properties of a samp
manifest themselves as changes in the total transmitted
flux in the first place. This effect has been mainly used
NFO imaging so far. It is, however, not the only manifes
tion of locally changing optical properties of a sample: T
angular distribution of the transmitted intensity, i.e., the f
field emissionpattern is also influenced by the local dielec
tric and topographic sample properties. The information
coded in these angular variations of the far-field emiss
pattern is left unattended in standard SNOM. The transmi
light is simply collected within a certain cone, given by th
numerical aperture of the detection optics and detected i
grally only.

The most complete SNOM detection scheme would b
two-dimensional record of the whole far-field emission p
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tern for each image pixel. A very large amount of data wou
have to be processed and analyzed in this case. Howeve
division of the far-field emission pattern into theallowedand
forbiddenangular regimes already provides significant ad
tional information.6–10

Some differences between allowed and forbidden li
imaging will be discussed in the first part of this paper. T
discussion will be based on a consideration of the inform
tion transfer from the near field into the far field and t
resulting contrast and resolution. In the second part of
paper, several SNOM setups are described which permi
multaneous detection of forbidden and allowed light. The
microscopes are called tunneling near-field optical mic
scopes~TNOM!. Test images obtained with the most fr
quently used instrument confirm and illustrate the predic
properties of forbidden light imaging. The present paper th
completes the series of our previous publications6–10 cen-
tered around the concept of ‘‘forbidden light NFO.’’

II. PRINCIPLE OF OPERATION

A. Near-field–far-field information transfer

Light emission from nanosources in close proximity to
plane interface11,12 has been studied and simulations of im
aging properties in the TNOM geometry13 have been per-
formed using the fact that the emission from an opti
probe, i.e., a spatially confined light source can be con
niently described in terms of the ‘‘angular spectru
representation.’’14,15 The treatment presented here, al
based on the angular spectrum representation of a n
source, can give some direct insight into the differences
tween allowed and forbidden light imaging.

d-
3 © 1998 American Institute of Physics
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The confined field of the optical probe is decompos
into a spectrum of plane propagating and evanescent ex
tions. The decomposition comprises a two-dimensional F
rier transform of the confined field in an arbitrarily chos
reference plane.14,15Propagation of the probe field normal
the reference plane through stratified layers of different m
dia can then be readily treated in terms of its propagating
evanescent components.

For the present problem, we choose the exit planeA of
the small aperture~radius a! at the end of a metal-coate
tapered glass fiber as reference plane. It is assumed t
oriented parallel to the nearby substrate surface and no
to thez axis of the Cartesian coordinate system~Fig. 1!. The
field distribution in planeA in the presence of the plan
substrate is roughly known from a number
calculations.16,17 Its most characteristic feature is a spat
extension roughly equal to the diametera of the aperture.
Hence, in the Fourier representation in the aperture planA
the amplitudes

EA~k!5E dr EA~r !eikr ~1!

are sizeable foruku up to values'2p/a which typically is
5–20 times larger thank052p/l, the wave vector of the
probe light in free space. The field amplitudes in the plane
the substrate surfaceS1 at distancezt from planeA are

E0
S~k!5EA~k!•eikzzt. ~2!

The propagator fromA to S1, eikzzt, is either oscillating or
exponentially decaying depending on

kz5~k0
22uku2!1/2 ~3!

being real or imaginary.
We assume the sample to be located as a thin layer in

planeS. In the experiments discussed below, for instance,
sample structure is prepared on a flat glass slide whic
attached to the substrate by an index-matching liquid. Fo
simple mathematical description, the sample is considere

FIG. 1. Geometry of the interaction zone in aperture SNOM:A aperture
plane5reference plane;S1, S, S2 top, average, and bottom sample plane
respectively;D plane of detection~in the far field!; zt , zD gap width and
distance between sample and detector, respectively;x, z Cartesian coordi-
nates;n1 , n2 refractive indices.
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include the empty space between the various structu
within the thin layer between the top and bottom sam
planesS1 and S2 ~cf. Fig. 1!. Variations in topography
hence are reduced to variations of material composition
consequently the dielectric constant. Sufficiently th
samples may be represented by the~Fourier transformed!
lateral variation of the dielectric constant, averaged over
thickness of the sample layer,eS(k).

Aiming at a semiquantitative discussion only, we restr
our considerations to sample structures which consist
small dielectric and/or very small metallic structures. Su
samples are optically ‘‘passive,’’13,18 i.e., the amplitudes of
the scattered radiationE1

S1 andE1
S2 right above and below

S, respectively, are small compared to the respective am
tudes of the unperturbed incident radiationE0

S(k). As a con-
sequence, the scattered fields are obtained to first orde
proximation by convolutions of this unperturbed incide
field with the appropriate scattering tensorsS6(k).

The scattering tensors can be readily determined fr
eS(k); for the present purpose it is sufficient, however,
recognize that their spectra extend over roughly the samk
vector range as the spectrum of the sample dielectric c
stant. Its width ink space corresponds to the~inverse! mini-
mum size of the sample structures.

The scattered radiation rides on the large background
the incident radiation. We therefore write

ES6~k!5E0
S~k!1E1

S6~k!

E1
S6

~k!5E dk8S6~k8!•E0
S1~k2k8!. ~4!

E1
S1

(k) and E1
S2

(k) are the relevant fields for the study o
image formation in reflection and transmission mode SNO

,

FIG. 2. Computed influence of the sample topography on the near-
far-field emission patterns of a two-dimensional~2D! SNOM: ~a!,~b! con-
tour plot of electric energy densityuEu2 for p polarization when the optical
probe is over a terrace~a! and over a valley~b! of the sample,l5488 nm.
~c!,~e!; ~d!,~f! polar plots of the difference in the far-field intensities
configurations~a! and~b!, respectively, with reference to a flat substrate f
p polarization~c!,~e! and s polarization~d!,~f!. The 1 and 2 signs at the
lobes denote positive and negative differences. The dotted lines indicat
critical angleuc .
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respectively. Our present considerations are restricted to
latter mode. Specifically, the detector planeD is assumed to
be integrated in the substrate material. This is equivalen
using either a hemispherical substrate or a substrate in
cal contact with a high numerical aperture~NA! objective,
see Sec. III B, and simplifies the further discussion. T
wave amplitudes in the detector plane are obtained by ap
ing the propagator corresponding to the distancezD between
S andD

ED~k!5E0
D~k!1E1

D~k!

E1
D~k!5eikzzDE1

S2

~k! ~5!

with E0
D(k)5E0

S2
(k)eikzzD being the signal that would b

received without a sample from a plane substrate.

B. Forbidden and allowed light gapwidth dependence

Inside the substrate, the range ink space of propagating
modes increases in proportion to the refractive indexn:

kz5@n k0
22uku2#1/2. ~6!

If k0 zD@1 which is usually the case in a SNOM, then on
propagating modes contribute to the detected signal,
modes with lateral wave vectorukumax5kmax,nk0 . The cor-
responding direction of propagation is

u5arcsin~ uku/nk0!. ~7!

Waves are directed into the ‘‘allowed’’ angular regime 0
<u<uc5arcsin 1/n for

0<uku<k0 . ~8!

FIG. 3. Scanning electron microscope images of optical probe aper
with apparent sizes between 80 and 150 nm that were obtained by cha
the pulling parameters.
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ti-
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The background contribution,E0
D(k), in this angular regime

is caused by modes in the gap region which arepropagating.
‘‘Allowed’’ light therefore is detected for any gap widthzt .

The background contribution of waves propagating at
angleuc<u<p/2 and a lateral wave vector of

k0<uku<n k0 , ~9!

respectively, emerges from modes which areevanescentin
the gap region. The background intensity therefore dec
exponentially with increasing gap width, similar to the dec
of evanescent waves generated by total internal reflect
This is the classically ‘‘forbidden’’ angular regime sinc
light emitted by a far-field source can only propagate in
substrate at angles up touc . Selective detection of the ‘‘for-
bidden light’’ therefore has the advantage that its ba
ground is unaffected by stray light, for instance light leaki
out from imperfections on the shaft of the NFO probe.

C. Resolution

The field E1
D(k)5eikzzD E1

S2(k) contains relevant data
about the sample structure. Information about a particu
Fourier componentS2(k8) is conveyed to the far field only if

at least one of the componentsS(k8)–E0
S1

(k2k8) contribut-

ing to E1
S2

(k) can reach the detector. In order to resolve
sample structure with a maximum spatial wave vectoruk8u
5kmax

S it is necessary that

kmax
S <kmax

P 1kmax
XD . ~10!

Herekmax
P is the maximum lateral wave vector of the prob

field in the sample planeS1 andkmax
XD <nk0 is the maximum

es
ing

FIG. 4. TNOM configurations: Head:~L! laser;~FC! fiber coupler;~l/2 and
l/4! half and quarter wave fiber loops;~F! single-mode optical fiber;~PZT!
scan piezo;~SFD! shearforce detector;~OP! optical probe;~T! topographic
signal. Collection optics:~a! ‘‘TNOM-2’’-setup: ~S! sample; ~H! hemi-
sphere;~EM! elliptical mirror; ~L! lens;~M1! mirror; ~An! polarization ana-
lyzer configuration described in the text;~P! pinhole; ~PM1, PM2! side-on
photomultipliers for allowed and forbidden light, respectively;~G! circular
glass window.~b! Inverted microscope setup: ‘‘TNOM-3’’;~O! microscope
objective.~c! Waveguide prism coupler setup: ‘‘TNOM-4.’’
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lateral wave vector of plane waves arriving at the detec
Obviously, in order to optimize the resolving power,kmax

XD

should be chosen as large as possible. In standard SN
which detects‘‘allowed’’ light only (X5A), the maximum
receiving angle is the critical angleuc corresponding to
kmax

AD 5k0 .
The NFO microscopes used in our experiments@Figs.

4~a!, 4~b! and 4~c!# receive and detect the ‘‘forbidden’’ ligh
signals (X5F) in addition to the allowed ones. The max
mum k vector of the forbidden light iskmax

FD 5n k0 , corre-
sponding tou5p/2. The setup of TNOM-28–10 detects all
this radiation by means of its elliptical collection mirror.

The immersion oil objective with NA51.3 of the in-
verted microscope setup, TNOM-3@Fig. 4~b!#, provides
kmax

FD 5NA•k0 and a maximum receiving angle ofu
5arcsin NA/n'61° only. A look at the angular dependen
of the forbidden radiation,7 however, indicates that the majo
contributions in fact stem from the angular range nearuc .
The resolving power of TNOM-3 therefore is comparable
that of TNOM-2. The combination with a classical micr
scope, however, is better suited for localization and ali
ment of the interesting sample features.

The above values ofkmax
XD represent absolute limits sinc

the SNOM detectors integrate over the whole allowed a
forbidden angular range, respectively:

kmin
XD<uku<kmax

XD . ~11!

Herekmin
XD 50 or k0, for X5A or X5F, respectively.

Since the far field intensity in general peaks in forwa
direction and behind the critical angle~see Fig. 6 and Refs. 7
and 19!, one has to assume that the effectivekmax

XD is a frac-
tion gX<1 of kmax

XD only. The resolution limits of the ‘‘al-
lowed’’ and ‘‘forbidden’’ images hence are

kmax
S,A5kmax

P 1gAk0 ,

kmax
S,F 5kmax

P 1gFnk0 . ~12!

It is seen from Eq. 12 that forbidden light detection c
improve the resolution over allowed light detection by
factor

FIG. 5. Approach curves obtained with the TNOM-2 setup for a sm
aperture optical probe illuminated byl5514 nm light and a plane dielectric
interface~BK7, n51.51! as sample:~A! allowed light,~F! forbidden light.
r.

M

-

d

V5~11ngFa!/~11gAa!

'11a~ngF2gA! ~13!

with a5k0 /kmax
P . Assuming a'0.1, gA'0.3 and gF

'0.85, one arrives at a resolution improvement of 20%. E
ployment of a high refractive index substrate made, e.g.
heavy flint glass or of SrTiO3 can further increase the for
bidden light resolution capability. The improvement is co
siderable for apertures with diameters around 100 nm. F
ther advantages of forbidden light imaging are a be
suppression of stray light and the soft high pass filter
effect due to the limitation ofkD to values larger thank0 .

D. Contrast

To get an idea of the magnitude of the contrast achi
able with forbidden and allowed light imaging, the amp
tudesEtot

D (k) were calculated for a specific sample structu
by means of the ‘‘multiple–multipole’’ method~MMP!.20

The test sample is a bare glass grating with a periodicity
380 nm, consisting of 10 nm high, 190 nm wide terrac
separated by valleys of the same width.8–10

The optical probe is a slit of 50 nm width, formed by a
aluminum film on the side walls of a glass wedge. T
wedge is oriented parallel to the grooves of the grating wh
reduces the problem of solving Maxwell’s equations to tw
dimensions. This simplifies the computational effort witho
loss of the essential features of the NFO imaging proces19

Figures 2~a! and 2~b! show the computed energy dens
ties uEu2 for p-polarized excitation with the probe over th
center of a terrace and of a valley, respectively. The radia
is more concentrated in the forward direction in the first ca
than in the second, where it also spreads sideways. A sim
behavior is found for the transmission of thes-polarized
light. These different spreading properties remind us of cl
sical focusing/defocusing by convex/concave lenses, res
tively.

The impression conveyed by Figs. 2~a! and 2~b! is con-
firmed by the far-field polar plots forp ands polarization in
Figs. 2~c!, 2~d! and 2~e!, 2~f!, respectively. The plots repre
sent the differences of the radiation patterns with and with

ll
FIG. 6. Far–field emission patterns of an optical probe with an apertur
80 nm diameter and linear polarized illumination atl5633 nm over a plane
dielectric interface~n51.51!: ~a! shearforce contact, gap width'10 nm~the
arrow indicates the direction of polarization!; ~b! gap width>600 nm. The
patterns were recorded with TNOM-3@Fig. 4~b!#, slightly defocused, with a
video camera as detector. The black circle indicates the border betw
forbidden and allowed light.
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the sample. The intensity differences in the allowed and
bidden light signals are given by the areas and the sign
the lobes within the intervals@2uc ,uc# and @6uc ,6p/2#,
respectively. The forbidden light intensity obviously in
creases when the tip moves from terrace@see. Figs. 2~c! and
2~e!# to valley @see Figs. 2~d! and 2~f!# position. The oppo-
site is true for the allowed light signal. As a consequence,
valleys will show up bright in the forbidden image but da
in the allowed one; the opposite is true for the terraces.

It turns out that this contrast reversal is characteristic
small ~or edges of large! dielectric topographic features an
small phase objectsin general. They can be distinguishe
from amplitude objectsin this way because the latter we
found to provide the same contrast in both allowed and
bidden light images. Experimental results concerning b
amplitude and phase objects have been presented in R
8–10. This behavior also implies that if both allowed a
forbidden light are focused onto the same detector,
achieved contrast may be decreased rather than incre
because of an unfavorable phase.

III. EXPERIMENT

Detection of light behind the critical angle of TIR in
NFO microscope has been proposed for the first time
Fischer et al.21 The setups used here to realize forbidd
light NFO imaging22 are thetunnel near-field optical micro-
scopes TNOM-27–10 and the new TNOM-3 which was
briefly described in a recent publication.23 TNOM-1 was
used for the first exploratory experiments only;6,7 TNOM-4
so far underwent some preliminary, successful tests. We
that a more detailed description of the instruments, in p
ticular TNOM-3 is required in view of the numerous resu
obtained with the TNOM technique.8–10,23

A. probe head

The probe heads of the different TNOMs~Fig. 4 head!
are identical and interchangeable. They resemble to a g
extent the classical SNOM arrangements.2,4 An Ar1 or HeNe
laser ~L! is used as a light source in all experiments. It
coupled into a single mode fiber~F! by means of a fiber
coupler~FC!. The output of the laser is attenuated to 10–
mW. This leads to an intensity of several mW in the sing
mode fiber. The polarization of the light in the fiber can
adjusted by means of a ‘‘fiber loop polarizatio
controller.’’24 At the far end of the single-mode fiber
metal-coated tip with an aperture of 80–100 nm at the a
serves as near-field optical probe~OP!. The optical probes
are produced by heating, pulling, and subsequent coa
with 100 nm of aluminum.4 The coating quality and apertur
size for each individual tip is characterized in a scann
electron microscope. Figure 3 shows examples of tip a
shapes observed. Only tips with small and circular aper
were used in our experiments. A point of concern is
irregular grainy structure of the coating at the apex wh
seems to be an inherent property of Al films. Its eliminati
would greatly enhance the reproducibility of the NFO prob
and the quality of the optical images.25
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Suitable optical probes are mounted onto a piezo t
with a scan range of about 6mm. The shear force techniqu
can be used for gap width control.26,27 A highly sensitive
fiber interferometer~SFD! which is attached to the piez
tube~PZT! allows one to detect resonant lateral vibrations
the probe. For vibration amplitudes of 1 nm and a bandwi
of 10 kHz a signal to noise ratio of 5–10 can be achieved
the detected vibration signal. This leads to a topograp
signal with az noise of about 1 Å.

The head also comprises a means for the mechan
rough and fine approach of the optical probe to the samp

B. Collection optics

Sample substrates~S! usually are plane-parallel glas
slides. Forbidden light is totally reflected at the backside
the slide and therefore lost unless special precautions
taken.

1. TNOM-2

In this arrangement the substrate carrier is a glass he
sphere in optical contact with the sample substrate sl
When properly aligned, all radiation emerging from the NF
probe hits the~hemi-!spherical surface at normal incidenc
providing an undistorted projection of its angular distributi
in a detector plane beneath the hemisphere.

The forbidden radiation is refocused efficiently b
means of a confocally arranged segment of an ellipso
mirror. The segment is limited by two planes perpendicu
to the main axis of the ellipsoid intersecting at one focus a
at a position determined by the critical angle of hemisph
flat surface, respectively. A side-on photomultiplier~PM2!,
located at the second focus of the ellipsoid, provides
forbidden light signal.

The allowed light is collected with an aspheric co
denser lens~L1! with NA50.5 corresponding to a maximum
acceptance angle of 30°. The angular range between 30°
the critical angleuc541.5° is shadowed by the lens holde
The lens holder is mounted into a circular glass window~G!
to avoid distortion of the forbidden light. The object distan
is chosen such that an image of the optical probe is gener
at a distance of 125 mm behind the sample plane. A 500mm
diam pinhole~P! in the image plane cuts off most of the stra

FIG. 7. Metal island film:~a! Sketch of the metal patches arranged in hex
gons in the interstices of the densely packed 220 nm latex spheres~b!
Typical shearforce image of such a structure.
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FIG. 8. Metal island film imaged with a small aperture: allowed light~a!,~c! and forbidden light images~b!,~d! were recorded in constant height mode. T
polarization denoted by the arrows was rotated by'90° between the first and the second row.~f! High pass filtered version of the forbidden light image~b!;
~e! cut along the white line in~b! showing the relative intensity changes of forbidden and allowed light, respectively. The absolute average intensity in
light was about twice the forbidden light average intensity. The wavelength used for illumination was 633 nm. All images show raw data.
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light from various sources such as light from imperfectio
in the coating of the optical probe far away from the tip ap
The pinhole is chosen large enough on the other hand
tolerate small deviations from ideal alignment without cut
of allowed light from the the tip apex region. The box l
beled An in Fig. 4~a! is a polarization analyzer combine
s
.
to
f

with a mirror oriented 45° out of the paper plane. The
rangement compensates for the elliptic polarization int
duced by the reflection at the first metallic mirror~M1!. The
allowed radiation is focused onto another photomultipl
~PM1! which is of the same type as PM2 to allow a quan
tative comparison of the respective signals.
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In contrast to high NA objectives, which can accept on
very thin samples, the TNOM-2 arrangement also adm
thick samples. In this case the height of the hemisphere m
be reduced to compensate for the finite thickness of
sample.

The limitations of this setup are given by the unavo
able deviations from ideal alignment of the optical pro
with respect to H and hence to EM. Ray tracing shows, ho
ever, that the resulting deviations from spot size and s
position do not critically depend on the misalignment para
eters. Specifically, the size of the active area of PM2 co
fortably accounts even for the maximum possible deviati

2. TNOM-3

Many applications require conventional microscopic
spection of the sample in order to position the tip in regio
of interest.23 The TNOM-3 is therefore based on an invert
microscope~Zeiss Axiovert 10! that utilizes an immersion
oil objective with NA51.3 for light detection@see Fig. 4~b!#.
This corresponds to an acceptance angle<61° for the trans-
mitted light. This value is large enough for forbidden lig
recording since the major contributions stem from the an
lar range nearuc .7

The objective is infinity corrected, i.e., light emitted b
the optical probe is collimated into a parallel beam beh
the objective if its apex is in focus. This greatly facilitat
the separation of forbidden and allowed light because
allowed light can be reflected out of the center of the co
mated beam by a mirror of suitable diameter as shown
Fig. 4~b!. The setup also allows one to image the angu
intensity distribution very easily by placing a suitable ima
sensor in the collimated beam~see Fig. 6!.

A prerequisite for unperturbed collimation is the fixe
relative alignment of objective and apex of the optical pro
The sample therefore has to be scanned in this configura
An x-y-bimorph scanner of the type first introduced by M
ralt et al.28 turned out to be particularly suitable for this pu
pose. The scanner allows for a flat design, large scan ra
and low voltage operation. The symmetric arrangemen
the bimorph elements makes it insensitive to tempera
drifts during operation.

3. Still another configuration (‘‘TNOM-4’’)

In this particularly simple configuration a standard o
ject carrier is used as a sample substrate@see Fig. 4~c!#. The
totally reflected radiation propagates sideways in a zig
path until it arrives at the sidewalls of the sample substr
There the light can be coupled out by appropriate prisms
gratings and directed onto detectors~PM2!. Alternatively,
the detectors may be brought directly in optical contact w
the object carrier near the side walls.29

A favorable arrangement may utilize circular substra
with the sample at the center; detectors arranged around
circumference will provide information on the azimuthal d
tribution of the probe light which in turn allows conclusion
on the state of polarization and its change by the object.
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First experimental tests indicated a performance com
rable to TNOM-2 and TNOM-3 as can be expected.

C. Influence of the gap width

1. Approach curves

The gap width dependence of allowed~A! and forbidden
light ~F! intensities for an'80 nm aperture optical prob
illuminated byl5514 nm light and a plane dielectric inte
face~BK7, n51.51! as a sample is shown in Fig. 5. The 1e
decay length is approximately 70 nm for the forbidden lig
intensity ~F!. This corresponds to the decay length of
evanescent wave generated by total internal reflection~TIR!
of a plane wave and an angle of incidence of'53° as it is
used in a scanning tunneling optical microscope.30,31 In our
experiment the optical probe generates such evanes
waves which, by inversion of the TIR light path, are co
verted into forbidden radiation. The angle of 53° for the a
erage direction of the forbidden light is in qualitative agre
ment with the measured intensity/angle relation in Ref. 7 a
numerical results of Figs. 2~c!–2~f! as well as of Ref. 19.
The allowed light~A! shows interference undulations with
periodicity of l/2.2,8,32

At shear force contact the intensity ratio between forb
den and allowed light depends strongly on~i! the aperture
diameter and~ii ! the effective distance between the apertu
and the average sample surface. This latter is limited, e.g
protrusions on the rim of the aperture@cf. Fig. 3~c!# which
prevents complete closure of the gap. Thus the intensity r
at shear force contact provides a simple criterion for the N
quality of an optical probe: A ‘‘good’’ tip with aperture di
ameter<100 nm and small protrusions on the aperture r
provides intensity ratiosI forbidden/I allowed>1 ~see Fig. 5!.
The ratio increases with further reduction of the apert
diameter or size of protrusions.

2. Emission patterns

Figure 6 shows the far-field emission pattern for sm
~a! and large~b! gap widths recorded with TNOM-3 on a fla
substrate. The black circle indicates the border between
bidden and allowed light. Its radius corresponds to the cr
cal angle of TIR. The two lobes outside the circle in Fig. 6~a!
represent the contribution of the forbidden light to the fa
field pattern. They do not show up in Fig. 6~b! as expected
from the approach curves of Fig. 5. The spiral structu
visible inside the circles of allowed radiation are caused
interference of light within the detection optics and are irr
evant for the present discussion.

The forbidden light lobes are oriented along the direct
of polarization~electricfield, see arrow in Fig. 6!. This is to
be expected for illumination with linearly polarized light16,17

and a manifestation of themagneticdipole character of a
small aperture in ametallic screen.

D. Constant height imaging

All optical images presented and discussed here are
corded in constant height mode~CHM! in order to avoid the
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so-calledz-motion artifact.25 In order to still maintain a con-
stant small gap width during scanning a number of alignm
steps have to be made:

~1! The plane raster scanned by the optical probe is
ented parallel to the mean sample surface plane. Thi
achieved by compensating the tilt in the corresponding c
stant gap width mode~CGM! image with the help of an
electronic amplifier matrix which adds adjustable fractions
the x- and y-voltage ramps to thez-control voltage of the
piezo scanner.

~2! The probe is retracted mechanically. This is comp
sated by the feedback loop via an elongation of the pi
tube. The retraction is stopped when'9/10 of full elonga-
tion of the tube piezo are reached. The mechanical retrac
might introduce a drift of the scanned area, therefore ano
CGM image might be necessary at this point as a cr
check.

~3! A ~negative! offset voltage is added to thez-piezo
preamplifier that would further retract the optical probe.
compensate, however, the feedback loop raises the ou
voltage until the preamplifier is saturated. Any further i
crease in offset voltage beyond that point translates to a
responding increase in gap width.

~4! The optical probe can now be positioned at the
sired height, e.g., just above the highest elevation within
CGM image by changing the offset voltage and thus
piezo elongation. If shear force contact still occurs dur
scanning, the feedback loop becomes activated and ret
the optical probe as usual. In this way the tip is protec
against crashes that might occur, e.g., because of the
drift or protruding topographic features within the sc
range.

E. Imaging tests

1. Metal island film

The test sample is a 15 nm thick aluminum island fi
produced by means of the latex sphere shadow m
technique.33,34 The structure is sketched in Fig. 7~a!. The
objects of interest are the metal patches at the interst
between the spheres. They are formed by evaporation
subsequent dissolution of the spheres. To characterize
size, we propose to choose the altitude of the inscriba
equilateral triangle as a standard. The length of this altit
is h5(A323/2)d'0.23d whered is the sphere radius. Fo
thed5220 nm latex spheres used for the present test sam
the altitude hence is 50 nm. The nearest-neighbor dista
between metal patches isd/A35127 nm.

The calculated distance between the patches is in ag
ment with the shear force image@Fig. 7~b!# of the sample
obtained after step~2! of the CHM alignment procedure. Th
shear force image represents a convolution of a rather b
protrusion on the aperture rim~see Fig. 3! with the real
sample topography. Therefore the triangular shape of
metal patches, which was confirmed independently by sc
ning electron microscopy, is not visible.

The series of CHM optical images~Fig. 8! was obtained
with the same tip as used for Fig. 7~b! and at the same
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location on the aluminum island film. The light emitted b
the optical probe was linearly polarized~arrows in Fig. 8! in
two orthogonal directions. The extinction ratio measured
the allowed light was about 15. Figures 8~a! and 8~c! show
the respective allowed and Figs. 8~b! and 8~d! show the for-
bidden light images. Figure 8~e! presents a cut through tw
neighboring dots at the position indicated by the white ba
Fig. 8~b!. Figure 8~f! is a high pass-filtered representation
Fig. 8~b!. Remember that CHM images are of purely optic
nature.

The optical scan images show a distinct fine structu
The hexagonal pattern corresponding to the metal patche
in particular very well visible in the forbidden light image
The allowed light images are less well resolved; compl
hexagons can hardly be found. The structures in the ima
in the upper row of Fig. 8 show systematic distortions.
particular, the patches are elongated in the direction of
larization. This might be attributed to the polar concentrat
of the electric energy on opposite sides of the rim of a sm

FIG. 9. ~a! Tapping mode AFM image of the grating test structure. The l
cut ~b! is taken along the white line in the scan image~a!.

FIG. 10. Series of grating images in constant height mode; increasing
width ~a!–~c! '0 nm, ~d!–~f! few nm, ~g!–~i! '100 nm. Columns: residua
topography, allowed light, forbidden light.
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aperture16,17,35which is the near-field counterpart of the fa
field lobes discussed in Sec. III C 2. This rather sharp dou
peak structure is washed out a few nanometers behind
aperture plane, forming an approximately elliptic spot. T
direction of strongest confinement hence corresponds to
direction perpendicular to the polarization in agreement w
the observed elongation.

Rotation of the polarization by 90° leads to the images
the second row of Figs. 8~c!–8~d!. The contrast is strongly
reduced now. The hexagonal arrangement of the 50 nm
is still visible in forbidden light, whereas the allowed ligh
image shows a very weak modulation only. Elongatio
along the direction of polarization are weakly visible in t
forbidden light image@Fig. 8~d!#.

The optical resolution in both forbidden and the allow
light images@Figs. 8~a!, 8~b! and 8~f!, respectively# can be
estimated from the line cut@Fig. 8~e!# to be at least 50 nm
The relative intensity changes of forbidden and allowed li
differ by a factor of up to 6, indicative of the higher contra
achievable with forbidden light.

2. Topographic grating

A grating structure~period 383 nm, step height 8 nm!
etched into a thin glass substrate was chosen as the se
test object. A tapping mode atomic force microscope~AFM!
picture of the structure is shown in Fig. 9.

Figure 10 shows a collection of CHM images of th
grating. The depicted area is not the same as in Fig. 9.
gap width was increased from' 0 nm in Figs. 10~a!–10~c!
to 5 nm in Figs. 10~d!–10~f! and finally to 100 nm in Figs.
10~g!–10~i!.

In the first row @Figs. 10~a!–10~c!# the feedback loop
still is marginally active retracting the tip by less than 1 n
as it moves over the highest elevations of the grating. T
allows one to correlate these topographic features to the
served optical structures. The bumps in Fig. 10~a! correlate
with the dark spots in the corresponding positions in
forbidden light optical images@Figs. 10~c! and 10~f!# as ex-
pected from Fig. 2. The correlation with the bright spots
the allowed light images Figs. 10~b! and 10~e! is less obvi-
ous. The contrast reversal with regard to the grating line
allowed and forbidden light images, on the other hand,
unambiguously be confirmed by comparison of the colum
of allowed and forbidden light images, respectively, see S
II D. The resolution decrease with increasing gap width
documented in Figs. 10~g!–10~i!. Only the fundamental pe
riodicity of the grating can still be resolved. The optical si
nature of the topographic feature in Fig. 10~c!, for example,
is no longer visible in Fig. 10~i!. The resolution in the for-
bidden light image is slightly better than in the allowed lig
image as more of fine structure is still visible along the gr
ing lines in Fig. 10~i! than in the respective allowed ligh
image.

IV. SUMMARY

The separate but simultaneous detection of forbid
and allowed light provides information that could not ha
been extracted or even found with standard detec
le
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schemes. Theoretical considerations show that the divis
into forbidden and allowed light is natural, following from
different propagation behavior of the optical modes in t
gap between optical probe and sample. Forbidden light or
nates from evanescent modes, whereas allowed light ha
roots in the propagating modes traversing the gap. Theo
cal arguments were presented concerning a higher resolu
achievable with forbidden light as compared to allowed lig
High resolution imaging in constant height mode was used
confirm theoretical predictions for resolution and contrast
cluding the risk of topographical artifacts. For~topographic!
phase objects, contrast reversal between forbidden and
lowed light was found.
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