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Near-field microscopy overcomes the diffraction limit through the partial conversion of the
evanescent fields, formed around the subwavelength sources of light, into propagating waves by
interactions between the probe and the sample. Contrast parameters in this imaging technique are
quite different from those in conventionéir-field) optics. We study the mechanisms of image
formation in the transmission mode of a near-field microscope in the mid-infrared part of the
spectrum(6—10um). The amount of light propagating from a subwavelength aperture through a flat
substrate(“allowed” light) is found to strongly increase as the tip approaches the sample,
generating topographic artifacts in near-field images. Such artifacts can be eliminated by flat sample
preparation techniques. The transmitted power is strongly influenced by the refraction index of the
sample resulting in a substantial difference of the near-field spectrum from the far-field one. A
model describing tunneling of light through a subwavelength aperture into the substrate has been
developed and is in very good agreement with the experimental data. The model predicts that
spectral sensitivity is enhanced with smaller tip diameters.2@0 American Institute of Physics.
[S0021-897€00)09023-X]

I. INTRODUCTION Strong attenuation of light in the subwavelength part of
the tapered fibef10~®—10"* typically'®) together with heat-
Infrared (IR: 5-12 um) spectroscopy is a widely used ing of the fiber coating by light limit the output signal and,
sensitive technique for detection and characterization of m0|consequent|y, the size of the aperture. To overcome these
ecules. Current biomedical applications of Fourier transformimitations, apertureless schemes have been developed which
infrared (FTIR) microspectroscopy include identification of are based on detection of light scattered from oscillating ta-
tumor cells and bacterid mapping of calcified atheroscle- pered metal tipd2!3Features smaller than 100 nm have been
rotic plaques and brain tissué,finding foreign material in imaged at 10.6um wavelength(CO, lased.***® This ap-
tissue? etc. In these applications spatial resolution is typi-proach, based on a lock-in detection of the signal, requires
cally limited to about 25-5Qum due to either imperfection continuous(or at least ms-long pulsg¢dasers. Due to the
of the imaging optics or the beam quality of the IR source.ack of convenient continuous sources of tunable mid-IR ra-
Highly collimated beams from synchrotron radiation allow diation, suitable for purposes of spectroscopy, we explore a
for achieving a diffraction limited resolutichnamely one  fiber-based approach to near-field imaging and spectroscopy
wavelength with the objective of 0.6 NA. This resolution ytilizing pulsed IR lasers.
was already sufficient to attempt imaging of protein and lipid  Contrast parameters in various modes of the near-field
distribution in large(20 um) cells® microscopy(transmission, reflection and scattefingay be
For further improvement of the spatial resolution a scanvery different from those of conventionéfr-field) micros-
ning near-field optical microscopy has been developed thaiopy. Although this issue has attracted growing attention in
provides subdiffraction-limited resolution using a subwave-recent years®'the mechanisms of image formation are not
length size sourcéor collecto) of radiation which is raster yet well understood, and different contrast parameters have
scanned over the sample surface at srgdiveral nanom- peen claimed by various researchers using similar
eters distance’. As a light source(or collecto), very fine  techniqued®*® In the present work we study the contrast
tapered fiber tips are generally used, coated with a thin laygsarameters in transmission modier-baseginear-field mi-
of metal to prevent light leakage except at the very end of theroscopy, including the influence of the sample and substrate
tip where there is a small aperture. In the mid-IR part of therefraction indices, as well as the role of sample topography
spectrum resolution of/4 (namely 1um atA=4 um®and 2 in near-field image formation.
um atA=8 um®) has been demonstrated. In addition to the
subwavelength resolution, this approach allows for underwal-I EXPERIMENTAL SETUP
ter imaging of thin sample@iving cells, for example, Ref.)9 '
which is problematic with conventional FTIR microscopesA. Near-field probe

due to strong water absorption of the IR radiation. Our experiments have been performed in two spectral
regions: 6—7um, and 9.2—10.m using the Stanford Pico-

dElectronic mail: palanker@stanford.edu second Free Electron Las€éFEL) and a pulsed grating-
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stabilized CQ laser (J48G-1W-36, Synrad Inc. Mukilteo,
WA), respectively. Chalcogenide glass fibgimorphos
Materials Inc., Garland, TXwith a 100um core were used

to deliver the infrared radiation to a metal-coated tapered tip
with a subwavelength opening at the apex, which served as a
near-field probe. Sharp tipgadii of curvature at the apex
were less than km) were produced by chemical etching in
Piranha solution7:3 mixture of concentrated sulfuric acid
and 30% hydrogen peroxifl&’ These tips were completely
coated with gold 150 nm thicknegsby vacuum evaporation,
and the level of residual leakage of light from the tip was
measured using a liquid nitrogen-cooled mercury cadmium
telluride (MCT) detecto KMPV50-.5-J2, Kolmar Technolo-
gies Inc., Phoenixville, PA Only tips with a leakage level
bellow the detectable threshof@ nW) were selected. They
were mounted on a piezo scanning stagdSOM 100,
Nanonics Inc., Jerusalem, Isragbositioned on an inverted
microscope(Axiovert 35, Zeiss Ing, and scanned across
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Feedback system Chalcogenide Fiber +

IR laser

Sample
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XYZ translation
stage

Microscope Objective

IR Detector

fine polishing papef0.05 um grain siz¢ until a detectable b
IR signal appeared. Measurements performed with a scan- > acacitZisiﬁon
ning electron microscope have shown that a typical aperture

size was about km. This method enabled us to create high , _ o _ _
FIG. 1. Schematic representation of the illumination-mode near-field micro-

qual'ty optlcal pr.obes with a |Ight source well localized at scope built on a conventional inverted microscope with a sheer force-based
the apex of the tip. feedback system.

B. Positioning of the probe o )
(0.3x0.3mm) providing a strong suppression of any back-

~ Sheer force feedback was employed for control of theyoung radiation which might originate from imperfections
distance between the tip and the sample. The optical probg ihe gold coating of the optical probe.

was mounted on one arm of a standard 32768 Hz tuning
for_k. With _the probe attached the resonance frequency wag Sample preparation
shifted typically to 32 kHz and the quality factor was about
300. The tuning fork was driven by a 10 mV sinusoidal To investigate contrast parameters and mechanisms of
signal at the resonance frequency. Current in the circuit wagear-field image formation, objects with well-known optical
detected by a lock-in amplifiefEG&G, model 521p and  Properties and simple geometrical shapes were chosen. Most
used to control the feedback systé8PM100, RHK Tech- of the measurements were performed with polystyrene drop-
nologies, Rochester Hills, MI This technique allowed us to lets deposited onto a calcium fluoride substrate. Standard
maintain the distance between the tip and the sample with Bolystyrene beads with 1 andi8n diameters were deposited
precision of a few nanometers. onto the substrates from a water suspension. The balls were
To ensure that optical detection conditions would befixed on the substrate by heating it to a temperature slightly
constant during scanning, the probe was fixed at the focus df excess of the spftenmg temperature of polystyrene
the IR objective and the sample was moveee Fig. 1L The ~ (~100°Q. The resulting structure appeared to be a set of
vertical axis of the three-dimensional piezo scanning stag€ingle polystyrene droplets with a diameter slightly exceed-
was used to maintain contact with the probe, whilextend g the initial diameter of the beadslue to flattening In
Y axes were used for lateral scanning. The scanning rate wa$ldition to the calcium fluoridérefraction indexn=1.3),
determined mainly by the feedback response time, and @allium phosphater(=3.0) and germaniumn(=4.0) sub-
took typically 10 s per line of 128 pixels. strates were tested as well.

Ill. EXPERIMENTAL RESULTS AND
PHENOMENOLOGICAL MODEL

. Approach curves

C. Optical setup

The near-field microscope used in our experiments wa
mounted on an inverted optical microscope, so that th
sample could be observed using transmitted as well as re- Subdiffraction limited resolution in near-field micros-
flected light, allowing for precise positioning of objects with copy results from the interaction of the nonpropagating elec-
respect to the near-field probe. Radiation transmitted througtromagnetic field generated around the probe with the
the sample and the substrate was collected with a reflectiveample?® Since the evanescent fields decrease rapidly with
objective (50x, NA 0.45, Ealing Inc. and registered by a distance(on the order of a tip diametgrthis interaction de-
MCT detector positioned in the focal plane of the objective.pends strongly on the separation between the near-field
In this configuration only the small part of the optical probe probe and the sample. Thus the sample topography is heavily
close to the apex was imaged on the detector’s sensitive aréavolved in the near-field image formation.
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FIG. 2. Approach curve measured on a hemispherical silicon substrate at 9.3 -3 ) -2 -1 ) 0
wm wavelength with tip diameter of 0.8m. The dashed line represents Distance from the tip [pum]

model calculations.
FIG. 4. Schematic representation of the potential barrier for photons in the

subcutoff part of the taper, and its penetration into air and the substrate to

. . . the depth of the “formation length” of the propagating waeis the width
The most direct way to characterize the influence of to-¢ .. i gap between the probe and the substrate.

pography on the near-field signal is to measure approach
curves, i.e., transmitted IR signal versus the distance be-
tween the probe and the substrate. In order to distinguish phenomenological model which describes the experimental
between the “allowed” and “forbidden” light(i.e., light  sjtuation as one-dimensional photon tunneling from the fiber
propagating inside the substrate at the angles below angirough the “forbidden zone” of the subwavelength taper
above, respectively, of the total internal reflection angle onnto the substrate. It is not unusual to consider photon propa-
the substrate/air interfaceve performed measurements on gation through subwavelength structures as quantum
two types of substrates. The first was a flat silicon wafer withtunneling?>:?2 but since there is no unambiguous potential
parallel surfaces which transmits only the allowed compo+which can be assigned to the photon, any particular case
nent, while the second had a flat upper surface and a hemiequires certain assumptions and has its own limitations.
spherical bottom which allowed for detection of both the The diagram of the potentials used in our model is
allowed and the forbidden components of the total signalshown in Fig. 4. The potential barrier related to the penetra-
Approach curves measured on these substrates3(4) with  tion of light through the subwavelength tapered fiber tip can
a tip diameter of 0.8um at a wavelength of 9.2um and  pe considered as being formed of two components: barrier in
normalized to the far-field signdlarge separation between the subcutoff region of the taper, and a barrier corresponding
the tip and the substratare shown in Figs. 2 and 3. The to emission from the subwavelength aperture. The tunneling
signals rapidly increase as the separation between the tip afglobability can be written in the form
the substrate becomes smaller tha@.5 um and reach the
levels of 1005 for the total signalhemispherical substrate ToceXp( _fzmm /U(z)2—<E> zdz) O
and 4+ 0.2 for its allowed componertflat substratg zmin A ’

) whereU(z) is a potential B/\ represents the photon energy,
B. Theoretical model ZminZmax are the ends of the barrier, where(zy,)

In an attempt to characterize quantitatively the near-field=U(Zma)=B/\.

Signa| as a function of the t|p diameter, tip-samp|e separa- Attenuation of the field inside the taper is determined by
tion, and the sample index of refraction, we have developeéhe imaginary part of the wave vector in axial direcfion

k.= m’

. (2
T ex;{iC( J Wdz) )

+

5
<&
34
_§, wherek, is the photon wave number, akg is the transverse
é’ ) component. The imaginary part &f is nonzero in the area
E T wherek:>k,. Inside the tapeky is reciprocal to the diam-
'g eter of the waveguid& thus transmission through the sub-
S 14 cutoff taper can be expressed as the following:
Jzz 5 ( A 2
04, . r r r T exp iC \/K§—| —=—| dz]|. 3
0 2 4 6 8 z V0 \ng-d(2) ®
Position [jum] This allows one to assign each point of the tapering zone a

FIG. 3. Approach curve measured on a flat silicon substrate a3 ~ Certain potential,.which is a fun'Ction of th? taper diameter
wavelength using tip of 0.&m diameter. d(z) andnq, the index of refraction of the fiber
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A hemispheres with model calculatioffsg. 2] provides a ratio

U@F(m), for z<O0. A/B=0.4, which is close to the expected diffraction limit

value.

The second part of the photon path—the subwavelength Al the expressions presented above have been obtained
zone to the right of the aperture—represents another olfor the total signal that consists of the allowed and forbidden
stacle. Since a propagating wave cannot exist in a subdiffraczomponents(i.e., the light propagating inside the substrate
tion limited volume, we assume that the photon will experi-under the angles which are smaller and larger, respectively,
ence the potential barrier not only within the plane of thethan the angle of total internal reflectionn order to distin-
aperture, but also behind it, until the wave extends in spacguish between the allowed component and the total sigmal
to dimensions above the diffraction limit. Since the width of the case of a flat substratene has to take into account the
the spherical wavefront extends linearly with its radius, theangular distribution of the radiation. The emission pattern of
height of the potential barrier will scale reciprocally with the an aperture changes from a dipole-like daed<A/n)?*2°
distance from the aperture. Thus for the area to the right ofp a pattern corresponding to the divergence of the input
the aperture£>0) we can describe the potential in the fol- beam, when the diameter of the aperture is larger than
lowing way: the cutoff diameter. Introducing this dependence into our

A calculations we found that even for allowed ligle., the
U(z)=(— light transmitted through a flat substratthere is still a
n-(z+d) considerable enhancement of near-field signal which is in
wheren(z) is the refraction index of the media outside the good agreement with our experimental dfféags. 3, %a),
fiber andA is a constant, which will be determined below. and 8b)].
Since in all our experiments only the conditions outside the
fiber have been varied, and all measurements were normat. Refraction index and wavelength dependence
ized to the signal emitted from the free standing fiber in the

. . . . . Figure 5 displays the ratio of the IR transmission mea-
air, we are interested only in the potential corresponding to . . :
. . : .~ 'sured when the tip was held in contact with substrate to the
positive values ofz. In this case we can consider the field

intensity “delivered” to the aperture through the tapered signal measured when the tip was withdrawn from the near-

zone as a constant and rewrite the expression for the pro field (extreme positions on the approach cujvesiis ratio

. S : ! was measured first with Ge substramg€4,d=1 um) as a
ability of tunneling in the following way: function of the wavelength from 9.2 to 104m [see Fig.

Zmax A 2 /B\2 5(a)]. The curve through the data was calculated using the
Tox ex —f | -] dz|, @
0 n(z)-(z+d)

N parameters determined above. It fits the experimentally mea-
sured values remarkably well.

where 7., IS a distance at which barrier height becomes In the next experiment we used a constant wavelength
equal to the photon energy. Singé€z) is either constant over (9.7 um) and changed the substrates. These data, shown in
all the integration regiothomogeneous mediaor has con- Fig. 5b), also fit the modelsee curve corresponding th
stant values over certamintervals(e.qg., air gap between the =1 um). At relatively low indices §3<2) the rise in the
tip and the substratesuch an indefinite integral can be eas- near-field transmission is mostly determined by the tunneling
ily taken analytically for each interval with constamt effect. At higher indices the tunneling effect saturat@epe

5 changes around;=2) and the loss due to reflection on the
Toeexn — é 1—a2+ Eln 1-yl-a (5) air/substrate interface in the far field contributes the most to
n 27 1+\1-a?

the change of the near-/far-field ratio. With smaller tip diam-
) eterg d=0.6 and 0.3um in Fig. 5b)], the index dependence
wherea=d-B-n/(A-)). In order to determine the param- pecomes steeper, and tunneling saturation is shifted towards
eter A we apply the model to a situation that has an exachigher refraction index values.
analytical solution—a flat screen with a small hole illumi-
nated by a plane wave. In this case the intensity of radiatio
transmitted through a subwavelength hole with diametier
vacuum f=1) is proportional tad?- T, which in the limit The strong dependence of the near-field emission on the
of d<\ reduces tod?*4/\". To match the scaling law refraction index of the sampl@nuch stronger than just re-
based on Bethe’s solution of this probl&%° A should be flection loss, especially at low indicekeads to a substantial
equal to 4. difference between a near-field transmission spectrum and a
Ratio A-\/B in our model actually determines the conventionalfar-field) absorption spectrum. This difference
boundary at which photon becomes free. This value shoulévas demonstrated using a thilv5 wm) polymer film (epoxy
be close to the diffraction limit A/B~0.5). Still, it is a resin LX112. The Stanford FEL was used as a source of
parameter, which can be used to optimally fit experimentatunable mid-IR radiation. The near-/far-field ratio measured
approach curves. Expressi@h) corresponds to the experi- with 1 um tip as a function of wavelength is plotted in Fig.
mental situation with a hemispherical substrate, where thé(a). A FTIR absorption spectrurfdashed line JLand calcu-
radiation once emitted into the material can leave it experidations based on our mod@olid line 2 are shown for com-
encing only normal incidence reflection losses on the spheriparison in the same figure. As expected, the near-/far-field
cal surface. Fitting the approach curve measured on silicoratio is related to the absorption spectrum in a derivative-like

rb. Near-field spectroscopy
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(b) FIG. 6. (a) Near-field spectroscopy. Symbols and a solid line representing

experimental data and calculations for the near-/far-field ratio obtained with
FIG. 5. () Near-field/far-field ratio measured on a flat Ge substrate with 11 um tip on 0.5um-thick epoxy resin(LX112) film (scale shown on the
mm tip as a function of wavelength. The solid line represents calculationdeft). The dashed line is a FTIR absorption spectrum of the same sample
based on the tunneling modéb) Near-/far-field ratio as a function of re- (scale shown on the right(b) Near-field spectra of the same sample calcu-
fraction index measured and calculated for a Ge substrate atrf.5Sym- lated for various tip diameters. Note the semilogarithmic scale of intensity.
bols are experimental points. Solid lines represent calculations for various
tip diameters.

surrounding the edge of the droplet, and an area inside the

fashion, since the real and imaginary parts of the refractioffoundaries of the droplet that appears darker than the back-
index are linked by the dispersidiKramers—Kronig rela- ~ 9round. A typical image of a m droplet(taken with an-
tions. The nonzero slope of the base line in solid curve reOther tip of the same diameleshown in Fig. 8 is quite
sults from the wavelength dependence of the near-field turfdifferent. In addition to the same bright ring outside the to-
neling[similar to that shown in Fig.®)]. As already shown pographic boundary, it has a dark rng |n5|d§' the boundary,
in Fig. 5b), the sensitivity of this mode of the near-field and a central part of the droplet which is brighter than the
spectroscopynear-/far-field ratio measuremaistrongly de- ~ Packground. _ _ _

pends on tip diameter. In Fig(l§ four spectra are shown, The complexity of the image is due to the influence of
calculated for the same polymer film and tip diameters rangthe sample topography. The evanescent field confined near
ing from 1.5 to 0.3um. These calculated spectra demon-tN€ aperture interacts with an object when the tip is posi-
strate the increased amplitude of modulation of the near-/faiion€d in close proximity to it, thus resulting in formation of
field ratio at decreasing tip diameters. The near-field spectr&" €xtérnal ringposition 2.in Fig. 9. The dipole character of
the ring can be plausibly explained by the fact that the aper-

tion spectrum approximately by the ratio of the light penetra-ture is illuminated by plane polarized_lithAn asymmetry
tion depth to the size of the near-field zone. of the tip (nonround shapemay explain the uneven bright-
ness of the two segments. When the tip starts climbing onto

the sample, touching it by its eddposition 4, the distance
between the aperture and the substrate increases, resulting in
Typical topographic and near-field optical images of a 1a decrease in the amount of outcoupled radiation. This leads
um polystyrene dropletr(=1.45) on a Caj substrate are to the formation of the dark area inside the topographic
shown in Fig. 7. The image appears to be aboytnid in  boundaries of the sample. On top of the ball the distance
diameter since it represents a convolution of the object anbetween the aperture and the material becomes small again
of the probe, each of which were Am in diameter. The (position 3. As discussed above, outcoupling of light from
near-field image consists of two bright segments of a ringhe fiber is very sensitive to its separation from the sample. It

IV. IMAGING
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FIG. 7. Three-dimensional representation of the topografbm and near-

field optical images of a .m polystyrene ball on a CaBubstratébottom).
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FIG. 8. Three-dimensional representation of the topografibf and near-

field optical images of 3xm polystyrene balls on a CaBubstratgbottom.
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FIG. 9. Schematic diagram illustrating the mechanisms of bright and dark
ring formation in near-field imaging of a hemisphere.

occurs efficiently when the near-field zone is “filled” with
material (i.e., the sample’s radius of curvature is large
enough to provide a good “optical” contact for tunneljng
Depending on such things as whether the refraction index of
the sample is higher than that of the substrate, and/or if the
sample fills the near-field zone better than the substrate, the
object will appear brighter or dimmer than the background.
(Poor optical contact between the tip and the substrate may
result from polishing or positioning of an aperture plane at
some angle to the substrate resulting in their separation.
The influence of the substrate on near-field image forma-
tion (resulting from variation of the distance between the
probe and the substrate due to the sample topogjagamybe
prevented if the scanning is performed in a “constant height
mode”—at constant separation between the probe and the
substrate. Typically, the drift of the tip during scanning does
not allow turning off the feedback mechanism, so we accom-
plished this mode of scanning using a special “flat” sample
preparation. The samplé8 um polystyrene ballswere po-
sitioned on the lower side of a thifi00 nm nitrocellulose
film, and images were collected through that film with a 1
pm tip scanned in contact with the film. Since the distance
between the probe and the substr@igrocellulose film) was
constant during the scanning, the image, shown in Fig. 10,
represents only the contribution of the sample, with no topo-
graphic artifacts. For comparison, see in.FRgga picture of
similar object imaged from above, when it was positioned on
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