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Material contrast in scanning near-field optical microscopy at 210 nm resolution
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The tetrahedral tip is used as a light emitting probe for scanning near-field optical micrdSNE¥W). It
has no aperture as an element for the confinement of light and the techniques of scanning tunneling microscopy
and SNOM can be combined with the same probing tip. Silver grains are distinguished from gold grains by
their specific near-field optical contrast in SNOM transmission mode images of mixed films of silver and gold
at a lateral resolution in the nanometer range and an edge resolution of 1 nm for selected grains. The contrast
is explained in terms of a quasielectrostatic model of a local light-emitting source interacting with the object.
[S0163-18297)06211-5

I. INTRODUCTION form of the tip was chosen with the aim that light, which is
directed onto the tip, is confined to the nanometric dimen-

The diffraction-limited resolution of light microscopy can sions of the apex of this tip with a concomitant strong in-
be circumvented by the technique of scanning near-field operease in light intensity. On the basis of an experimental
tical microscopy(SNOM), where a nanoscopic source of investigation of the optical properties of the tetrahedral tip, a
light is scanned in close proximity with respect to the object.hypothetical model was suggested of how this confinement
The near-field interaction between the source and the objecnight occur by compression of light in a three-step
modifies the light emission of the source. This signal is usegrocess® An incoming plane wave is first transformed to
as information about optical properties of the object at asurface plasmons on the side fa@? andS13 of the tip.
resolution that is limited by the size of the source and itsThe surface plasmons travel towards the e#de where
distance to the object rather than by the wavelength. Smathey are converted into a linear surface plasmon traveling
apertures in a thin metal film were introduced as a light-along the edge towards the tip. The linear plasmon excites a
confining element to create a light source for SN®M. local plasmon on a metal grain on the tip.

SNOM with an aperture placed at the apex of a metal-coated For SNOM experiments, the tetrahedral tip is incorpo-
tapered fiber seems to reach a resolution limit of 30%hm.rated in a combined SNOM/scanning tunneling microscopy
Without doubt there is a strong interest to push this limit(STM) setug! as shown schematically in Fig. 3. The light
further to the 1-nm scale in order to obtain information about(A = 635 nm,hv = 1.95 e\j transmitted through the sample
optical properties at molecular resolution. The tetrahedral
tip’ that has no aperture as a light-confining element was
introduced as a probe for SNOM to increase the resolution
substantially below 30 nf.

Here experiments are reported, demonstrating the perfor-
mance of the tetrahedral tip in SNOM experiments on metal
films of heterogeneous composition, showing that a charac-
teristic material contrast at a resolution of 1 nm is obtained.
The contrast is interpreted by a quasistatic model based on
the interaction of a probing dipole with a mirror dipole in-
duced in the object.

SNOM with the tetrahedral tip

A scheme of the tetrahedral tip is shown in Fig. 1. The
bulk of this tip consists of one corner of a triangular glass
fragment of a microscope cover glass. It is coated with a
50-nm-thick vacuum deposited gold film, which has a granu-
lar structure with grain sizes on the order of 20 nm, as re-
vealed by scanning electron microscopySEM)
micrographs. Due to the oblique evaporation procé$she
edgeK1 is expected to be coated with less metal than the
rest of the structure as indicated in the scheme of Fig. 1. To F|G. 1. Scheme of the tetrahedral tip. The fag4®, S13, and
irradiate the tetrahedral tip from within the bulk, the frag- 523, the edge2 and K3, and the tip are coated with gold,
ment is attached by a transparent glue of matching refractivighereas the edgk1 is coated with less gold due to the oblique
index onto a small prism as shown in Fig. 2. The speciakvaporation process.
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FIG. 2. Mounting of the tetrahedral tif?, prism; R, reflecting A9

mirror; MD, mounting deviceC electrical contact. ,

BB ol B nllioal o

is detected and used as a signal for SNOM. The STM feed-

back is used to control the distance between tip and sample

during a scan and yields a topographic image of the sample
simultaneously with the SNOM signal. The STM mode re-

uires an electrically conducting sample and restricts the For a preparation of metal films with a flat surface, a
9 y 9 P feplica technique is applied where metal is evaporated onto

qh0|ce .Of accessm!e samples for SNOM W!th thg tetrahedratjm atomically flat piece of mica or onto float glass. The film
tip. In first SNOM images of evaporated silver films, light- is inverted and the now exposed surface is investigated.

absorbing dark grains are observed with a resolution of 6 n . " :
N - Three metal samples of different composition were prepared:
:%?:figﬂ?ctg?t the tetrahedral tip indeed acts as a nanometrl&) a gold film, (i) a mixed film of gold and silver, angii)

a projection pattern consisting of gold and silver.

FIG. 4. Preparation of inverted mixed Ag/Au films.

Il. EXPERIMENTS A. Preparation

Metal films of heterogeneous composition were investi- 1. Gold film
gated by SNOM with respect to their local optical properties. ] . ]
When investigating an optical contrast it is preferable that After evaporation of a 50-nm-thick gold film onto a
the sample is very flat. Otherwise a convolution betweer{reshly cleaved piece of mica, the gold film was floated off
topographiSTM-dependentand optical contrast may lead Onto the surface of clean water. Then the film was deposited

to an 0n|y apparent'y h|gh resolution in the SNOM image_ upSide down onto a piece of glaSS, which was covered with a
20-nm-thick film of indium tin oxide.

2. Mixed films of gold and silver

W rH— C 1 E [ Mixed films of gold and silver were investigated in order
to find out whether silver and gold grains can be distin-
guished in SNOM images. The mixed films were prepared as
shown in Fig. 4. First 0.4 nm of silver and then 50 nm of
gold were evaporated onto a freshly cleaved piece of mica.
Then the film was inverted as described.

3. Projection pattern

In contrast to the mixed film, the local distribution of
silver and gold is known in this sample. A 5-nm-thick latex
projection pattertf of gold embedded into the surface of a
10-nm-thick film of silver was prepared as shown in Fig. 5.
A 5-nm-thick gold film is evaporated through a mask of
hexagonally close-packed latex spheres of a diameter of 0.22
pm onto a 1-mme-thick piece of float glass. The latex spheres

FIG. 3. Scheme of the combined SNOM/STM setup, laser ~ are then removed and the projection pattern is covered with a
diode; L, lens;PH, pinhole; P, polarizer;D, iris diaphragmOL,  10-nm-thick film of silver. The composite metal film is em-
objective lens;CCD, CCD camera;PD, photodetector;l/V, bedded into a thin film of a polyester resin supported by a
current-to-voltage converte€;, computer;E, control electronics. second piece of glass. By gently applying mechanical force
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FIG. 5. Preparation of gold patterns embedded in a silver film.
The process is described in the text.

between the two glass plates the first glass piece is separat
from the metal film. In this way the gold projection pattern
embedded into the surface of the silver film becomes ex
posed.

(@)

B. SNOM experiments
1. Gold film

Figures 6a) and &b) show STM and SNOM images ofa 4
50-nm-thick gold film. We expect the topography of the in-
verted gold film to be a replica of the atomically flat mica.
The topography of the inverted film as revealed by STM has
a root-mean-square surface roughnesg,y of o = 0.6
nm as compared to s = 1.2 nm of a noninverted film as
measured with the tetrahedral tip. Also in the inverted film a
granular topography of the metal film is clearly seen. We
assume that during the evaporation process metal islar
films do not coalesce completely on the substrate such thi
gaps between different grains remain visible on the invertes
film.

Interestingly, in the SNOM image the gold grains appeal
bright in their center in contrast to the previously observec
silver grains appearing datk This indicates that gold grains
and silver grains have a different near-field optical contrast
However, not all of the gold grains appear bright; some of
them show an absorption contrast that can be seen from
comparison of the STM and SNOM images of a gold film (b)
shown in Figs. @) and 7b).

FIG. 6. Inverted gold film §=50 nm on an ITO substratda)
2. Mixed films of gold and silver STM image andb) SNOM image(scan range 125% 125 nnt).

Figures &a) and 8b) show STM and SNOM images of an
inverted mixed film of gold and silver. In the topography the seems to be embedded in a bright surrounding grain as is
typical granular structure of the metal film is seen. Again theagain seen very clearly in a line the profiles shown in Figs.
surface roughness is very small and the maximum heigh®(b) and 9c), which were taken in orthogonal directions as
(peak to valley is only 5 nm. The SNOM image shows a indicated in Fig. 8. The transition from 10% to 90% between
distinct contrast that corresponds only occasionally to thehe bright and dark regions within this grain is found to be as
topographic image. Several grains, such as the ones labeledrrow as 1 nm. It is likely that some of the grains, appearing
a in Figs. 8a) and 8b), can be identified as dark grains in dark in the SNOM image, are silver grains for several rea-
the SNOM image. A line profile across such a grffiig.  sons.(i) From the preparation of the films it is expected that
9(a)] shows a close correspondence of these grains in thsilver grains are present. The distribution of the dark grains
topographic STM image and the SNOM image, respectivelyis qualitatively consistent with the distribution of silver
Other grains, labelet in Figs. §a) and 8b), appear homo- grains of a 0.4-nm-thick silver island film as known from
geneous in the STM image, whereas in the SNOM imagéransmission electron micrographs of evaporated silver
they do not appear as a homogeneous grain. A dark graifims.*® (i) From the SNOM images of pure silver filfis
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FIG. 7. Inverted gold film §=50 nm on an ITO substratga) FIG. 8. Inverted mixed film of silver {=0.4 nm and gold
STM image andb) SNOM image(scan range 12% 125 nnt). (d=50 nm on an ITO substratga) STM image andb) SNOM
image(scan range 125 125 nnt).

and of pure gold filmgFig. 6) we expect silver grains to b grains must be silver grains because in pure gold films
appear dark and the majority of gold grains to appeagrains of this type were never observed. Since in the SNOM
brighter. (iii) The different types of grains labeledandb image the transition between dark and bright regions occurs
may represent isolated and embedded silver grains, respeaver a width of less than 1 nifFigs. 9b) and 9c)], where
tively, as is plausible from the preparation of the film. there is no detectable topographic feature, this result implies
Some of the type grains may represent isolated silver an edge resolution of 1 nm in the SNOM image. So far, we
grains that did not coalesce with the embedding gold filmcannot directly prove that the tygegrains consist of silver
whereas others may represent gold grains that appear dark, ¢isce it is very difficult to distinguish between silver and
shown in Fig. Tb). Typeb grains may correspond to silver gold on this scale by an independent method.
grains embedded into a larger gold grain, where no feature
can be recognized in the transition region in the topographic
STM image due to a coalescence of gold and silver in the To confirm our conclusion that type-grains are silver
evaporation process. We conclude that these embedded typgrains we investigated the projection pattern as a sample

3. Projection pattern
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FIG. 10. Inverted gold projection patterng=€5 nm) embedded
into a silver film (d=10 nm. (a) STM image andb) SNOM image
(scan range 50 500 nnf).

FIG. 9. Line profiles across a metal gra{a) labeled witha; (b)
and(c) labeled withb in Figs. §a) and &b). The profiles shown in
(b) and (c) are taken at orthogonal directions as indicated in

Fig. 8. topography is not clear. A likely explanation could be that
where the local distribution of silver and gold is known. during removal of the latex spheres with organic solvent a
With this sample we intend to test the different contrast ofvery thin film of polymer remains on the glass substrate.
silver and gold. It is, however, not well suited to test resolu-These sites are therefore expected to appear as depressions in
tion because the embedded structures are much coarser thifwe metal replica. Also in the SNOM image the projection
the fine silver grains of the mixed film of gold and silver pattern is recognized. As a result, areas where gold is ex-
described before. STM and SNOM images of the projectiorposed at the surface appear brighter than areas where silver is
pattern are shown in Fig. 18 and 1@b). exposed. These results are consistent with our interpretation
In the STM image the projection pattern is recognized byof the previous SNOM images of statistically distributed sil-
a slight topographic contrast of about 3 nm. Independenter grains embedded in a gold film.
investigations of the same sample by atomic force micros- Furthermore, we performed approach experiments at sur-
copy confirmed this topographic contrast. The origin of thisface areas of the projection pattern where there is gold on top
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FIG. 12. Scheme of the quasielectrostatic mode)|.dielectric
constant of the tip approximated as a sphere with radius.,,

FIG. 11. SNOM signal of the tetrahedral tip as a function of dielectric constant of the sampld; distance between the tip and
the distancez to regions where silvefAg) or gold (Au/Ag) is ~ sample;p and p’, the dipole moments of the sphere and of its
exposed at the surface of the composite metal film, as shown in Figmage.
10.z=0 is defined by the onset of the tunneling current.

quently lead to the observed reduction of the overall trans-
- - - : mitted light.
of silver and at areas where there is only silver. Figure 11a Using a quasielectrostatic modétiSthe observed differ-

shows a representative example of the SNOM signal as inth ; Id and silver in the SNOM i
function of distance between the tip and sample for two sucfyn'C€ In the contrast for gold and silver In the Images
an be understood. In this model, as shown schematically in

sites. The approach was stopped with the onset of the tun= S .
neling current. The two approach curves show a differen 9. 12, the tip is repre;ented by a small gold sphere that is
interference type of behavior. From these curves we draw th§XCited by an electric fiel&. The dipole momenp of the
following conclusions(i) The difference in the SNOM sig- sphere'|s determined by the dielectric constant of geldnd

nal for the case of tunneling contact at sites of silver andh€ radiusa of the sphere:

gold accounts for the contrast of about 8% observed in the drrad

SNOM image.(ii) The onset of the tunneling contact does p= ma
not lead to an abrupt change in the SNOM signal. Therefore, 3
we can exclude that an influence of the tunneling current o
the SNOM signal is the origin of the image contrast.

81_1)
E.
81+2

@

Yhe dipole p induces an image dipolp’ in the sample,
which depends on the dielectric constant of the sample

g,—1
lll. DISCUSSION plzg;-]_p' )

It is remarkable that the observed contrast cannot be ex-
plained by the local transmissivity of the sample. The experi-The electric field of the image dipole acts on the gold sphere
mentally observed transmission of a 50-nm-thick metal filmand changes the dipole moment to an efficient dipole mo-
is about 1% for silver and 10% for gold, respectively. Thusmentp.¢ according to Ruppirt’:18
the transmission is expected to be smaller at sites where sil-
ver and gold are present than at sites where gold is missing, g,—1
in contrast, to the observed SNOM signal in the last example Perr> 47+ (e~ 1)F )
of the latex projection pattern. This seemingly contradictory
result could find an explanation by a specific near-field opti-with
cal contrast which is determined by the material composition

of a very thin surface layer of the object. The interaction of 4 1/ a \3e,—1

the tip with gold could lead to an enhanced resonant scatter- FH:? 1- 8la+d) e,+1 @

ing of the probing gold tip, whereas the interaction with sil- ) ’

ver may lead to a damping of this resonant scattering. Suchand

resonant scattering mechanism might explain why some of ) )

the gold grains show an absorption contr@day. 7). Condi- 4 1/ a \3e,—-1

tions for resonant enhancement may depend on the shape of FL “ 3| 2\atd e, 1| ®)

the grain as well as on its local environment and therefore ) '

may not be fulfilled for all of the gold grains. whered is the distance between the surface of the sphere and

The local variations in the SNOM signal of Fig(t8,  the surface of the sample. The subscripasid L indicate the
displaying a resolution much smaller than the thickness obrientation of the dipole momemt parallel (|) and perpen-
the metal film of 50 nm, could depend on a very thin surfacedicular (L) to the sample. We assume the SNOM signtl
layer of the sample. Remote regions of the sample do ndte determined by the total scattering efficiency of the effec-
contribute to the resonant scattering process and conséve dipole moment and its effective image dipag;:
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gold sphere with a metal surface may lead to a very strong

150 . . . ; : confinement of electromagnetic energy in the gap between
(lag /ag) the sphere and the samﬁfeSuch an effect may be respon-

< gL sible for the high resolution observed at selected sites. In
= 128 many images not shown here, we found that the resolution of
2 SNOM images is generally below 10 nm and is therefore

n I consistent with the size of a gold grain.
x ' 7 The contrast between silver and gold of about 8% is
‘g / (lag! |Ag )" AuL nearly equal to the theo_retical yalue of the model. This ind_i—
S ol el cates that most of the light emitted from the tetrahedral tip
S originates from a local source of dimensions comparable to
o Ag Au the obtained resolution. A strong component of a nonlocal
0.50 . . s . | emission of the tip would imply a strong decrease in the

500 550 600 650 700

contrast of local features in the image, which is not observed.

Wavelength A / nm We think that the local nature of our source is the main

reason why we can obtain highly resolved images of a high

FIG. 13. Calculated ratiR=1,,/I o4 of the SNOM signald,,  contrast without any modulation technique for supression of

for a sample consisting of gold argy for a sample consisting of nonlocal background radiation as it is necessary for SNOM
silver atd=0. A ratioR > 1 means that gold appears brighter than configurations with nonlocal illumination of the profk.

silver. All SNOM images shown here are takenhat= 635 nm.
The near-field optical contrast certainly depends on the
. &1 wavelength of the illumination light. As we calculated from
peﬁ:82—+1peﬁ, (6)  the quasistatic model, we expect a contrast inversion in the

case of the mixed films of gold and silver at a wavelength
' (2 below 516 nm for parallel and 532 nm for perpendicular
[ Perr+ Pesil (7 polarization. This will be the subject of further spectroscopic

) ) investigations.
The values of the dielectric constamtg\) ande,(\) as

a function of the wavelength were taken from Ref. 19 as IV. CONCLUSION

determined by the attenuated total reflection method. For the . . ) .

case ofd=0, corresponding to the onset of the tunneling . SNOM images of mixed films of silver and gold were
current in our experiments, we derive from this expressioerta'ne‘j where an edge resolution of 1 nm was obtained in
the ratioR=1,/1 o4 of the SNOM signals as shown in Fig. image details that are not related to any meaSL_lrabIe change
13.1,, andl o4 are the signals for a sample consisting of goldIn the topography of the sample. These edges in the SNOM

and silver, respectively. For the wavelength of 635 nm, adMages are accounted f(.)r by re_gions where a transition oc-
used in our experiments, we obtain a valueRof = 1.162 curs between gold and silver being exposed at the surface of

for a gold sphere polarized perpendicular &= 1.107 for the sample. The difference in the near-field optical contrast

a gold sphere polarized parallel to the surface of the samplénc the more absorbing silver grains and the less absorbing

A value larger than one means that a gold sample appeagsold grains is explain.ed in terms of a quasielectrqstatic
brighter than a silver sample. The values are in good qua”[noqteldwh%e ahloca[ I|dght source in thg' folrm'oftha dlp0|e|
tative agreement with the observed contrast, which is alway XCited gold Sphere Induces an Image dipole in the sample
on the order of 1.03 and 1.14. at modifies the rad|a_tt|9n from the_ source. _
However, the model accounts for neither the absolute val- It would be very difficult to distinguish bgtween silver
ues of the SNOM signals nor the observed approach curveé‘.ndhgold on a_sar?ple Sl.UCh as c;urs by & d'ﬁir.eﬂt ;‘nethod
This is not surprising, considering that only a small angularSuc as scanning tUNNeling spec rosc@VS), whicn, Tor -
range of the emitted light is detected in the SNOM experi—metals' is rather insensitive. SNOM with the tetrahedral tip

ments and that the angular distribution of the radiation de;herefore has the potential to become one of the few tech-

pends strongly on the distance between tip and sample as miques, that are able to discriminate between different mate-
well known from experimen?szoﬂ and theoryzl,zz our rials on a nanometer scale and have a contrast complemen-

model also does not account for the absorption losses of Iigﬁ?ry to th? one of STS. . :
in the transmission through the sample. We point out that no comparable resolution was obtained

The excited sphere of the model may possibly have ité)reviously in SNOM_images using light-emitting probes.

counterpart in a gold grain located on the apex of the tetra>ner SNOM schemé$in which a comparable resolution

hedral tip acting simultaneously as an optical near-field andvas reported use a nonlocal irradiation of the sample and the
tunneling probe. Such a gold grain was indeed observed Op]robe.
the tip in SEM micrograph$ ts size could be estimated to

be about 20 nm. One would suppose that the lateral resolu-

tion in SNOM images with such a grain acting as a light We gratefully acknowledge the support by the German
source should be in a first approximation equal to the size o$cience FoundationDFG, Deutsche Forschungsgemein-
this grain. The observed resolution in the 1-nm range, howschaft, Grant No. Fi-608)2and the cooperation with the Carl
ever, indicates that the interaction of the probe and th&eiss Jena GmbH. We thank R. Reichelt for high-resolution
sample may be relevant in this context. The interaction of &EM investigations of the tetrahedral tips.
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