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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 aadditional source of optical information about the sample. Some of this
additional information is retrieved by separate but simultaneous detection of the radiation emitted at
angles smallefallowed light and larger(forbidden lighy 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 spiakeobjects, in contrast to amplitude
objects, a contrast reversal between forbidden and allowed light images is observd®980©
American Institute of Physic§S0021-897@8)02923-5

I. INTRODUCTION tern for each image pixel. A very large amount of data would
One of the most common realizations of near-field opti—have to be processed and analyzed in this case. However, the

cal (NFO) microscopy is the transmission scanning near—fielo:cji"kijs_(ijodn of the :ar-fielq emisslioné)attern_ijnto tl‘s_\éoyf\{edapddd_
- - - 5 orbiddenangular regimes already provides significant addi-
optical microscopgSNOM) with an aperture probt® A gular reg yp 9

metal-coated fiber tip with a small aperture at the apex usyfional information

ally serves as a light source illuminating a sample spot of >0me differences between allowed and forbidden light

subwavelength dimensiofisFor image generation, the opti- IMmaging will be discussed in the first part of this paper. The

cal probe is raster scanned over the sample while maintairfliScussion will be based on a consideration of the informa-

ing a gap width smaller than the aperture diameter and muchion transfer from the near field into the far field and the

smaller than the wavelength of illumination. The transmitted®Sulting contrast and resolution. In the second part of the

light is detected in the far field for each probe position. ~ Paper, several SNOM setups are described which permit si-
Local variations in the optical properties of a Samp|em_ultaneous detection of forbld(jen and aI_Iowed Il_ght. These

manifest themselves as changes in the total transmitted ligificroscopes are called tunneling near-field optical micro-

flux in the first place. This effect has been mainly used forScOPES(TNOM). Test images obtained with the most fre-

NFO imaging so far. It is, however, not the only manifesta-que”“y_ used mst_rumen.t cor_1f|rm _and illustrate the predicted

tion of locally changing optical properties of a sample: TheProperties of forbldQen light Imaging. The prgsen_t paper thus

angular distribution of the transmitted intensity, i.e., the far-COMPletes the series of our previous publlcaﬁ’oh%cen-

field emissionpatternis also influenced by the local dielec- t€réd around the concept of “forbidden light NFO.”

tric and topographic sample properties. The information en-

coded in these angular variations of the far-field emissior- PRINCIPLE OF OPERATION

pattern is left unattended in standard SNOM. The transmitted.. Near-field—far-field information transfer

light is simply collected within a certain cone, given by the

i . . . Light emission from nanosources in close proximity to a
numerical aperture of the detection optics and detected inte- ‘ .12 . . ) .
grally only. plane interfac has been studied and simulations of im-

. aging properties in the TNOM geometfyhave been per-
The most complete SNOM detection scheme would be ?ormed using the fact that the emission from an optical

two-dimensional record of the whole far-field emission pat- . : : .

probe, i.e., a spatially confined light source can be conve-
niently described in terms of the *“angular spectrum
daddress for correspondence: Physical Chemistry Department, Swiss Feq}epresentationll“vls The treatment presented here, also
ﬁ]r:i'l_'L‘Zg}]ﬂtg@p‘ﬁygif\g‘:mﬁ'CEH'SOQZ Beh, Switzerland; Electronic  phased on the angular spectrum representation of a nano-
bpresent address: Experimentalphysik VI, Univétskagsburg, D-86135 SOUICE, can give some Q|rect I.nSIth IntF) the differences be-
Augsburg, Germany. tween allowed and forbidden light imaging.
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FIG. 1. Geometry of the interaction zone in aperture SNOMaperture
plane=reference planeS*, S S~ top, average, and bottom sample planes,
respectively;D plane of detectior(in the far field; z,, zp gap width and
distance between s‘ample‘and detector, respectixely,Cartesian coordi- g 2. Computed influence of the sample topography on the near- and
nates;ny , n, refractive indices. far-field emission patterns of a two-dimensiotaD) SNOM: (a),(b) con-
tour plot of electric energy density|? for p polarization when the optical
probe is over a terrac@) and over a valleyb) of the sampleh =488 nm.

The confined field of the optical probe is decomposeo(c),(e); (d),(f) polar plots of the difference in the far-field intensities in
configurationga) and(b), respectively, with reference to a flat substrate for

“_“0 a spectrum of plgne propaggtlng and ev_anesc_ent eXCItg'polarization(c),(e) and s polarization(d),(f). The + and — signs at the
tions. The decomposition comprises a two-dimensional FOutobes denote positive and negative differences. The dotted lines indicate the

rier transform of the confined field in an arbitrarily chosen critical angled. .

reference plan&'°Propagation of the probe field normal to

the reference plane through stratified layers of different me-

dia can then be readily treated in terms of its propagating a”fﬁclude the empty space between the various structures

evanescent components. _ within the thin layer between the top and bottom sample
For the present prpblem, we choose the exit planaf planesS* and S~ (cf. Fig. 1). Variations in topography

the small aperturéradiusa) at the end of a metal-coated ponce are reduced to variations of material composition and

tapered glass fiber as reference plane. It is assumed 10 henqequently the dielectric constant. Sufficiently thin

oriented parallel to the nearby substrate surface and normghmmes may be represented by (F@urier transformex
t_o the; axis o_f the_ CarteS|an.coord|nate Systéfig. 1). The lateral variation of the dielectric constant, averaged over the
field distribution in planeA in the presence of the plane thickness of the sample layerS(k)

sulbstlrat.e S1|Gsl7 roughly I;nown 'frf)mf a number _Ofl Aiming at a semiquantitative discussion only, we restrict
calculations.™™ Its most characteristic feature is a spatial ;. consjderations to sample structures which consist of

extension rr?ughly equal to the d!am_emrﬁf the aperture.  ga1 gielectric and/or very small metallic structures. Such
Hence, in the Fourier representation in the aperture pRine ¢amiies are optically “passivei®j.e., the amplitudes of

s-polarization

the amplitudes the scattered radiatioB>" andES™ right above and below
S respectively, are small compared to the respective ampli-
EA(k):f drEA(r) e (1)  tudes of the unperturbed incident radiatEa?(k). As a con-

sequence, the scattered fields are obtained to first order ap-

are sizeable fotk| up to values~2x/a which typically is proximation by convolutions of this unperturbed incident

5-20 times larger thaky=27/\, the wave vector of the field with the appropriate scattering tens&s(k).

probe light in free space. The field amplitudes in the plane of ¢ The scattering tensors can .b(? read!ly determined from
the substrate surfac®” at distancez, from planeA are e>(k); for the present purpose it is sufficient, however, to
t recognize that their spectra extend over roughly the seme

vector range as the spectrum of the sample dielectric con-
stant. Its width ink space corresponds to tkieversg mini-
k2. is either oscillating or  MUM size of the sample_ stru_ctures.

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

E5(k)=EA(k) - ek, 2

The propagator fromh to S*, e
exponentially decaying depending on

K,= k2_ k 2\1/2 3
being real or imaginary.

We assume the sample to be located as a thin layerinthe _g* _j et (1 EST (L 1!
planesS. In the experiments discussed below, for instance, the By (k)= | dk’S™(K')-Bg" (k=K. “)
sample structure is prepared on a flat glass slide which is . -
attached to the substrate by an index-matching liquid. For Ef (k) and Ef (k) are the relevant fields for the study of
simple mathematical description, the sample is considered timage formation in reflection and transmission mode SNOM,
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FIG. 4. TNOM configurations: HeadLt ) laser;(FC) fiber coupler;(\/2 and

FIG. 3. Scanning electron microscope images of optical probe apertureém) half and quarter wave fiber loop) single-mode optical fibe(PZT)

with apparent sizes between 80 and 150 nm that were obtained by changi an piezo(SFD) shearforce detectofOP) optical probei(T) topographic
the pulling parameters signal. Collection optics(a) “TNOM-2"-setup: (S) sample;(H) hemi-

sphereEM) elliptical mirror; (L) lens;(M1) mirror; (An) polarization ana-
lyzer configuration described in the texB) pinhole; (PM1, PM2 side-on
photomultipliers for allowed and forbidden light, respectivel§) circular
glass window (b) Inverted microscope setup: “TNOM-3'(O) microscope
objective.(c) Waveguide prism coupler setup: “TNOM-4.”
respectively. Our present considerations are restricted to the

latter mode. Specifically, the detector pladbés assumed to
be integrated in the substrate material. This is equivalent to

using either a hemispherical substrate or a substrate in 0ptrhe packground contributiorES (k), in this angular regime
cal contact with a high numerical apertufidA) objective, s caused by modes in the gap region which@pagating
see Sec. IlI B, and simplifies the further discussion. The«ajowed” light therefore is detected for any gap width .
wave amplitudes in the detector plane are obtained by apply- The background contribution of waves propagating at an
ing the propagator corresponding to the distanigdetween  gngle g, < < /2 and a lateral wave vector of
SandD
ko<|k|=nky, 9
EC (k) =E(k)+ED(k) o=li=nte ©
respectively, emerges from modes which ak&anescenin
E?(k):eikzZDEf’(k) (5) the gap region. The background intensity therefore decays
exponentially with increasing gap width, similar to the decay
of evanescent waves generated by total internal reflection.
This is the classically “forbidden” angular regime since
light emitted by a far-field source can only propagate in the
substrate at angles up & . Selective detection of the “for-
bidden light” therefore has the advantage that its back-
B. Forbidden and allowed light gapwidth dependence ground is unaffected by stray light, for instance light leaking
out from imperfections on the shaft of the NFO probe.

with ED(k)=E5 (k)e'*#p being the signal that would be
received without a sample from a plane substrate.

Inside the substrate, the rangekirspace of propagating
modes increases in proportion to the refractive index

C. Resolution

— 2 211/2 .
ke=[n ko= [K["]* ©) The field EP (k)=e'*z0 E5 (k) contains relevant data

If kg zp>1 which is usually the case in a SNOM, then only abou_t the sample ftru,ctL_Jre. Information about_ a partlc_ular
: ; . .~ Fourier componers (k') is conveyed to the far field only if

propagating modes contribute to the detected signal, i.e., o ) )

modes with lateral wave VeCtdk| ma=knax<nky. The cor- at least one of the componerié’)-Eq (k—k’) contribut-

responding direction of propagation is ing to EJ (k) can reach the detector. In order to resolve a
sample structure with a maximum spatial wave ve¢tdt
6=arcsir(|Kk|/nky). (7 =k5,itis necessary that
Waves are directed into the “allowed” angular regime 0°  k5_<k&_+kXD.. (10)

< @< f,=arcsin 1h for
Herek! . is the maximum lateral wave vector of the probe

0=<|k|<k,. (8) field in the sample plang&* and kX2 <nk, is the maximum
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FIG. 6. Far—field emission patterns of an optical probe with an aperture of

FIG. 5. Approach curves obtained with the TNOM-2 setup for a small80 nm diameter and linear polarized illuminatiorhat 633 nm over a plane
aperture optical probe illuminated by=514 nm light and a plane dielectric dielectric interfacén=1.51): (a) shearforce contact, gap widta10 nm(the

interface(BK7, n=1.51) as sample(A) allowed light, (F) forbidden light. arrow indicates the direction of polarizatjprib) gap width=600 nm. The
patterns were recorded with TNOMEBig. 4(b)], slightly defocused, with a

video camera as detector. The black circle indicates the border between
forbidden and allowed light.

lateral wave vector of plane waves arriving at the detector.

Obviously, in order to optimize the resolving powdto,

should be chosen as large as possible. In standard SNOM Q=(1+ny a)/(1+y a)
which detects‘allowed” light only (X=A), the maximum
receiving angle is the critical anglé. corresponding to
Kinax=ko-

The NFO microscopes used in our experimeliigs.
4(a), 4(b) and 4c)] receive and detect the “forbidden” light
signals X=F) in addition to the allowed ones. The maxi-
mum k vector of the forbidden light ik[>.=nk,, corre-
sponding tod= /2. The setup of TNOM-2 20 detects all
this radiation by means of its elliptical collection mirror.

The immersion oil objective with NA1.3 of the in-
verted microscope setup, TNOM-Fig. 4(b)], provides
ki =NA-k, and a maximum receiving angle of
=arcsin NAh=61° only. A look at the angular dependence
of the forbidden radiatiofhowever, indicates that the major D. Contrast
contributions in fact stem from the angular range near
The resolving power of TNOM-3 therefore is comparable to
that of TNOM-2. The combination with a classical micro-
scope, however, is better suited for localization and align
ment of the interesting sample features.

The above values &2, represent absolute limits since
the SNOM detectors integrate over the whole allowed an
forbidden angular range, respectively:

~1+a(ny =" (13

with a=Kkq/kP .. Assuming a~0.1, y*~0.3 and y"
~0.85, one arrives at a resolution improvement of 20%. Em-
ployment of a high refractive index substrate made, e.g., of
heavy flint glass or of SrTiQcan further increase the for-
bidden light resolution capability. The improvement is con-
siderable for apertures with diameters around 100 nm. Fur-
ther advantages of forbidden light imaging are a better
suppression of stray light and the soft high pass filtering
effect due to the limitation okP to values larger thaky, .

To get an idea of the magnitude of the contrast achiev-
able with forbidden and allowed light imaging, the ampli-
tudesEt'%t(k) were calculated for a specific sample structure
by means of the “multiple—multipole” methodMMP).?°
The test sample is a bare glass grating with a periodicity of

80 nm, consisting of 10 nm high, 190 nm wide terraces,
eparated by valleys of the same wi8tf°

The optical probe is a slit of 50 nm width, formed by an
aluminum film on the side walls of a glass wedge. The

kenin= | K| =Krax- (11D wedge is oriented parallel to the grooves of the grating which

reduces the problem of solving Maxwell’'s equations to two
Herek > =0 or ko, for X=A or X=F, respectively. dimensions. This simplifies the computational effort without

Since the far field intensity in general peaks in forwardloss of the essential features of the NFO imaging protess.
direction and behind the critical anglsee Fig. 6 and Refs. 7 Figures 2a) and 2b) show the computed energy densi-
and 19, one has to assume that the effectif, is a frac-  ties |E|? for p-polarized excitation with the probe over the
tion y*<1 of kﬁgx only. The resolution limits of the “al- center of a terrace and of a valley, respectively. The radiation
lowed” and “forbidden” images hence are is more concentrated in the forward direction in the first case
than in the second, where it also spreads sideways. A similar
behavior is found for the transmission of tlsepolarized
light. These different spreading properties remind us of clas-
SE_.p . sical focusing/defocusing by convex/concave lenses, respec-

km’ax: kmax+ ¥ nko. (12 tively.

The impression conveyed by FigdaRand 2b) is con-
It is seen from Eq. 12 that forbidden light detection canfirmed by the far-field polar plots fqu ands polarization in
improve the resolution over allowed light detection by aFigs. 2c), 2(d) and Ze), 2(f), respectively. The plots repre-
factor sent the differences of the radiation patterns with and without

SA _
kmz?x_ krFr>1ax+ ')’Ako )
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the sample. The intensity differences in the allowed and for- (a)
bidden light signals are given by the areas and the signs of

the lobes within the intervals— 6., 6.] and[ = 6., = /2],
respectively. The forbidden light intensity obviously in-

creases when the tip moves from terrgsee. Figs. &) and

2(e)] to valley[see Figs. @) and 2f)] position. The oppo-

site is true for the allowed light signal. As a consequence, the

valleys will show up bright in the forbidden image but dark

in the allowed one; the opposite is true for the terraces.

It turns out that this contrast reversal is characteristic folz g 7. wmetal island filmi{a) Sketch of the metal patches arranged in hexa-
small (or edges of largedielectric topographic features and gons in the interstices of the densely packed 220 nm latex sphéges.
small phase objectsn general. They can be distinguished Typical shearforce image of such a structure.
from amplitude objectsn this way because the latter were
found to provide the same contrast in both allowed and for-
bidden light images. Experimental results concerning both
amplitude and phase objects have been presented in Refs. Suitable optical probes are mounted onto a piezo tube
8-10. This behavior also implies that if both allowed andwith a scan range of about &m. The shear force technique
forbidden light are focused onto the same detector, thean be used for gap width contr8t?” A highly sensitive
achieved contrast may be decreased rather than increastider interferometer(SFD) which is attached to the piezo
because of an unfavorable phase. tube (PZT) allows one to detect resonant lateral vibrations of

the probe. For vibration amplitudes of 1 nm and a bandwidth
of 10 kHz a signal to noise ratio of 5—10 can be achieved in
the detected vibration signal. This leads to a topographic
Il EXPERIMENT signal with az noise of about 1 A.
The head also comprises a means for the mechanical

Detection of light behind the critical angle of TIR in a rouah and fine aobroach of the optical probe to the sample
NFO microscope has been proposed for the first time by 9 PP P P pie.

Fischeret al?! The setups used here to realize forbidden
light NFO imaging? are thetunnel near-field optical micro- . .
scopes TNOM-2"-2° and the new TNOM-3 which was © Collection optics

briefly described in a recent publicatiéh.TNOM-1 was Sample substrate&S) usually are plane-parallel glass
used for the first exploratory experiments ofiyTNOM-4  slides. Forbidden light is totally reflected at the backside of
so far underwent some preliminary, successful tests. We feghe slide and therefore lost unless special precautions are
that a more detailed description of the instruments, in partaken.

ticular TNOM-3 is required in view of the numerous results
obtained with the TNOM technique1%%

440 nm

1. TNOM-2

A. probe head In this arrangement the substrate carrier is a glass hemi-

The probe heads of the different TNOMBig. 4 headl  sphere in optical contact with the sample substrate slide.
are identical and interchangeable. They resemble to a gre&ithen properly aligned, all radiation emerging from the NFO
extent the classical SNOM arrangemetitéAn Ar™ or HeNe  probe hits thehemi)spherical surface at normal incidence,
laser(L) is used as a light source in all experiments. It isproviding an undistorted projection of its angular distribution
coupled into a single mode fibgF) by means of a fiber in a detector plane beneath the hemisphere.
coupler(FC). The output of the laser is attenuated to 10-20 The forbidden radiation is refocused efficiently by
mW. This leads to an intensity of several mW in the single-means of a confocally arranged segment of an ellipsoidal
mode fiber. The polarization of the light in the fiber can bemirror. The segment is limited by two planes perpendicular
adjusted by means of a “fiber loop polarization to the main axis of the ellipsoid intersecting at one focus and
controller.”®* At the far end of the single-mode fiber a at a position determined by the critical angle of hemisphere
metal-coated tip with an aperture of 80—100 nm at the apeflat surface, respectively. A side-on photomultipli@&M2),
serves as near-field optical prob®P). The optical probes located at the second focus of the ellipsoid, provides the
are produced by heating, pulling, and subsequent coatinfprbidden light signal.
with 100 nm of aluminunf. The coating quality and aperture The allowed light is collected with an aspheric con-
size for each individual tip is characterized in a scanningdenser lengL1) with NA=0.5 corresponding to a maximum
electron microscope. Figure 3 shows examples of tip ape&cceptance angle of 30°. The angular range between 30° and
shapes observed. Only tips with small and circular aperturéhe critical angled.,=41.5° is shadowed by the lens holder.
were used in our experiments. A point of concern is theThe lens holder is mounted into a circular glass wind@y
irregular grainy structure of the coating at the apex whichto avoid distortion of the forbidden light. The object distance
seems to be an inherent property of Al films. Its eliminationis chosen such that an image of the optical probe is generated
would greatly enhance the reproducibility of the NFO probesat a distance of 125 mm behind the sample plane. A&®0
and the quality of the optical imagés. diam pinhole(P) in the image plane cuts off most of the stray
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FIG. 8. Metal island film imaged with a small aperture: allowed lighf(c) and forbidden light image&),(d) were recorded in constant height mode. The
polarization denoted by the arrows was rotated~0° between the first and the second rdfy High pass filtered version of the forbidden light image

(e) cut along the white line ifb) showing the relative intensity changes of forbidden and allowed light, respectively. The absolute average intensity in allowed
light was about twice the forbidden light average intensity. The wavelength used for illumination was 633 nm. All images show raw data.

light from various sources such as light from imperfectionswith a mirror oriented 45° out of the paper plane. The ar-
in the coating of the optical probe far away from the tip apex.rangement compensates for the elliptic polarization intro-
The pinhole is chosen large enough on the other hand, tduced by the reflection at the first metallic mir@d41). The
tolerate small deviations from ideal alignment without cutoff allowed radiation is focused onto another photomultiplier
of allowed light from the the tip apex region. The box la- (PM1) which is of the same type as PM2 to allow a quanti-
beled An in Fig. 48 is a polarization analyzer combined tative comparison of the respective signals.
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In contrast to high NA objectives, which can accept only  First experimental tests indicated a performance compa-
very thin samples, the TNOM-2 arrangement also admitsable to TNOM-2 and TNOM-3 as can be expected.
thick samples. In this case the height of the hemisphere must
be reduced to compensate for the finite thickness of the&. Influence of the gap width
sample.
The limitations of this setup are given by the unavoid- 1. Approach curves

able deviations from ideal alignment of the optical probe  14¢ gap width dependence of allow&s) and forbidden
with respect to H and hence to EM. Ray tracing shows, howjignt () intensities for an~80 nm aperture optical probe

ever, that the resulting deviations from spot size and spafjyminated byx=514 nm light and a plane dielectric inter-
position do not critically depend on the misalignment pParaM+ce (BK7, n=1.51) as a sample is shown in Fig. 5. The1/

eters. Specifically, the size of the active area of PM2 COMyecay length is approximately 70 nm for the forbidden light
fortably accounts even for the maximum possible deV'at'O”intensity (F). This corresponds to the decay length of an
evanescent wave generated by total internal reflec¢fioR)
of a plane wave and an angle of incidence~83° as it is
2. TNOM-3 used in a scanning tunneling optical microscdp&-In our
experiment the optical probe generates such evanescent

Many applications require conventional microscopic in- ) ! . )
spection of the sample in order to position the tip in regiondv@ves which, by inversion of the TIR light path, are con-

of interest2® The TNOM-3 is therefore based on an inverted Verted into forbidden radiation. The angle of 53° for the av-
microscope(Zeiss Axiovert 10 that utilizes an immersion €'a9€ direction of the forbidden light is in qualitative agree-

oil objective with NA=1.3 for light detectiorisee Fig. 4b)]. ment with the measured intensity/angle relation in Ref. 7 and

This corresponds to an acceptance argéi® for the trans- numerical res_ults of Figs.(é_)—Z(f) as well as of_ Ref. _19.
mitted IIght This value is |arge enough for forbidden ||ght The allowed |Ight(A) shows interference undulations with a

: e 2,8,32
recording since the major contributions stem from the anguPerodicity of A/2. , , _ .
lar range nea#, .’ At shear force contact the intensity ratio between forbid-

The obijective is infinity corrected, i.e., light emitted by 9€n and allowed light depends strongly 6n the aperture
the optical probe is collimated into a parallel beam behinddiameter andii) the effective distance between the aperture
the objective if its apex is in focus. This greatly facilitates @"d the average sample surface. This latter is limited, e.g., by
the separation of forbidden and allowed light because th@rotrusions on the rim of the apertupef. Fig. )] which
allowed light can be reflected out of the center of the colli-Prevents complete closure of the gap. Thus the intensity ratio
mated beam by a mirror of suitable diameter as shown it shear force contact provides a simple criterion for the NFO

Fig. 4(b). The setup also allows one to image the anguladu@lity of an optical probe: A “good” tip with aperture di-

intensity distribution very easily by placing a suitable image@Meter<100 nm and small protrusions on the aperture rim
sensor in the collimated beafsee Fig. 6. provides intensity ratiod forigden! ! atowes™1 (S€€ Fig. 5.
A prerequisite for unperturbed collimation is the fixed The ratio increases with further reduction of the aperture

relative alignment of objective and apex of the optical probedi@meter or size of protrusions.

The sample therefore has to be scanned in this configuration.

An x-y-bimorph scanner of the type first introduced by Mu- 5 £mission patterns

ralt et al?® turned out to be particularly suitable for this pur- _ . .

pose. The scanner allows for a flat design, large scan range, Figure 6 shows the far-field emission pattern for small
and low voltage operation. The symmetric arrangement of® @nd large(b) gap widths recorded with TNOM-3 on a flat

the bimorph elements makes it insensitive to temperaturéL‘bStrate' The black circle indicates the border between for-
drifts during operation. bidden and allowed light. Its radius corresponds to the criti-

cal angle of TIR. The two lobes outside the circle in Figp)6
represent the contribution of the forbidden light to the far-
field pattern. They do not show up in Fig( as expected
from the approach curves of Fig. 5. The spiral structures

In this particularly simple configuration a standard ob-visible inside the circles of allowed radiation are caused by
ject carrier is used as a sample substfaee Fig. 4c)]. The interference of light within the detection optics and are irrel-
totally reflected radiation propagates sideways in a zigzagvant for the present discussion.
path until it arrives at the sidewalls of the sample substrate.  The forbidden light lobes are oriented along the direction
There the light can be coupled out by appropriate prisms oof polarization(electricfield, see arrow in Fig. )6 This is to
gratings and directed onto detectd@M?2). Alternatively, be expected for illumination with linearly polarized light’
the detectors may be brought directly in optical contact withand a manifestation of thenagneticdipole character of a
the object carrier near the side walfs. small aperture in anetallic screen.

A favorable arrangement may utilize circular substrates
with the sample at the center; detectors arranged around tlbe
circumference will provide information on the azimuthal dis- =
tribution of the probe light which in turn allows conclusions All optical images presented and discussed here are re-
on the state of polarization and its change by the object. corded in constant height mod€HM) in order to avoid the

3. Still another configuration (“TNOM-4")

Constant height imaging
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so-calledz-motion artifac® In order to still maintain a con- o
stant small gap width during scanning a number of alignment 15
steps have to be made: g

(1) The plane raster scanned by the optical probe is ori- g =
ented parallel to the mean sample surface plane. This is B 5
achieved by compensating the tilt in the corresponding con- |

stant gap width modéCGM) image with the help of an
electronic amplifier matrix which adds adjustable fractions of
the x- and y-VOItage ramps to the-control VOltage of the FIG. 9. (a) Tapping mode AFM image of the grating test structure. The line

piezo scanner. ) ) o cut (b) is taken along the white line in the scan image
(2) The probe is retracted mechanically. This is compen-

sated by the feedback loop via an elongation of the piezo
tube. The retraction is stopped whesd/10 of full elonga-
tion of the tube piezo are reached. The mechanical retraction
might introduce a drift of the scanned area, therefore anothdocation on the aluminum island film. The light emitted by
CGM image might be necessary at this point as a crosthe optical probe was linearly polarizédrrows in Fig. 8 in
check. two orthogonal directions. The extinction ratio measured for
(3) A (negative offset voltage is added to thepiezo  the allowed light was about 15. Figure&Band §c) show
preamplifier that would further retract the optical probe. Tothe respective allowed and Figgb8and &d) show the for-
compensate, however, the feedback loop raises the outphbidden light images. Figure(® presents a cut through two
voltage until the preamplifier is saturated. Any further in- neighboring dots at the position indicated by the white bar in
crease in offset voltage beyond that point translates to a coFig. 8b). Figure §f) is a high pass-filtered representation of
responding increase in gap width. Fig. 8b). Remember that CHM images are of purely optical
(4) The optical probe can now be positioned at the denature.
sired height, e.g., just above the highest elevation within the  The optical scan images show a distinct fine structure.
CGM image by changing the offset voltage and thus theThe hexagonal pattern corresponding to the metal patches is
piezo elongation. If shear force contact still occurs duringin particular very well visible in the forbidden light images.
scanning, the feedback loop becomes activated and retracthe allowed light images are less well resolved; complete
the optical probe as usual. In this way the tip is protectechexagons can hardly be found. The structures in the images
against crashes that might occur, e.g., because of therma the upper row of Fig. 8 show systematic distortions. In
drift or protruding topographic features within the scanparticular, the patches are elongated in the direction of po-
range. larization. This might be attributed to the polar concentration
of the electric energy on opposite sides of the rim of a small

800 1000 1200 1400 1600
scan coordinate [nm]

E. Imaging tests

1. Metal island film

(a)

The test sample is a 15 nm thick aluminum island film
produced by means of the latex sphere shadow mask
technique®®* The structure is sketched in Fig(a]. The
objects of interest are the metal patches at the interstice:
between the spheres. They are formed by evaporation ani
subsequent dissolution of the spheres. To characterize thei 50 nam.
size, we propose to choose the altitude of the inscribable @
equilateral triangle as a standard. The length of this altitude
is h=(\/3—3/2)d~0.23 whered is the sphere radius. For
thed=220 nm latex spheres used for the present test sample
the altitude hence is 50 nm. The nearest-neighbor distance
between metal patches d§\/3=127 nm.

The calculated distance between the patches is in agree
ment with the shear force imad€&ig. 7(b)] of the sample ]
obtained after stef?) of the CHM alignment procedure. The
shear force image represents a convolution of a rather blun
protrusion on the aperture rirtsee Fig. 3 with the real
sample topography. Therefore the triangular shape of the
metal patches, which was confirmed independently by scan-

ning electro_n mieroscopy, !S n(.)t VISIbI?' . FIG. 10. Series of grating images in constant height mode; increasing gap
The series of CHM optical imagéfig. 8) was obtained g, (@)—(c) ~0 nm, (d)—(f) few nm, (g)—(i) ~100 nm. Columns: residual

with the same tip as used for Fig(bf and at the same topography, allowed light, forbidden light.
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aperturé®13%which is the near-field counterpart of the far- schemes. Theoretical considerations show that the division
field lobes discussed in Sec. Il C 2. This rather sharp doublénto forbidden and allowed light is natural, following from a
peak structure is washed out a few nanometers behind thdifferent propagation behavior of the optical modes in the
aperture plane, forming an approximately elliptic spot. Thegap between optical probe and sample. Forbidden light origi-
direction of strongest confinement hence corresponds to theates from evanescent modes, whereas allowed light has its
direction perpendicular to the polarization in agreement wittroots in the propagating modes traversing the gap. Theoreti-
the observed elongation. cal arguments were presented concerning a higher resolution
Rotation of the polarization by 90° leads to the images inachievable with forbidden light as compared to allowed light.
the second row of Figs.(8—8(d). The contrast is strongly High resolution imaging in constant height mode was used to
reduced now. The hexagonal arrangement of the 50 nm dotonfirm theoretical predictions for resolution and contrast ex-
is still visible in forbidden light, whereas the allowed light cluding the risk of topographical artifacts. F@gopographi¢
image shows a very weak modulation only. Elongationsphase objects, contrast reversal between forbidden and al-
along the direction of polarization are weakly visible in the lowed light was found.
forbidden light imagdFig. 8d)].
The optical resolution in both forbidden and the allowed
light images[Figs. 8a), 8(b) and &f), respectively can be ACKNOWLEDGMENTS
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