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ABSTRACT

We study the optical material contrast of single nanoparticles in infrared scattering-type near-field optical microscopy (IR s-SNOM) in the

presence of strong probe —substrate coupling. It is shown theoretically and experimentally that the contrast depends on both the dielectric
properties of the nanoparticles and on their size. We can separate the two dependencies by correlating the simultaneously acquired topography

and near-field images pixel-by-pixel. This allows us to establish material-specific mapping of polydisperse nanoparticle mixtures with nanoscal e
spatial resolution. We experimentally demonstrate the differentiation between sub-10 nm gold and polymer particles adsorbed on a Si substrate.

Possible applications of our method range from the material-specific mapping of nanoparticle assemblies to the measurement of the doping
concentration in single semiconductor nanoparticles.

The detection and mapping of nanoparticles and clusters istype near-field optical microscopy (substrate-enhanced s-
a central issue in many fields of nano-, material, and SNOM??) affects the material-specific contrast of single
biosciences. Knowledge about their distribution, chemical nanoparticles smaller than the tip size (typicaiylO—
identity, or doping is vitally important for many applications 20 nm radius). We observe that the near-field optical
ranging from characterization of nanocomposite materials nanoparticle contrast depends on both the dielectric properties
to biolabeling. Among different analytical techniques, optical of the particles and their size, which is different from former
methods offer the advantage of being fast, noninvasive, andreportg*-2” dealing with extended nanostructures. We ana-
highly sensitive to widely different material properties such |yze this effect and demonstrate that material- and size-
as chemical CompOSition or CondUCtiVity. While the far-field dependent contrast can bhe Separated. This allows us to
optical detection of particles even smaller than 5 nm has establish material-specific optical mapping of polydisperse
by diffraction to about half the illumination wavelength. This  ceeded in the optical recognition of sub-10 nm gold and
prevents material-specific single-particle mapping in dense yoymer particles within a mixture of particles adsorbed on
nanoparticle assemblies or in complex hybrid systems. A 3 gj gyhstrate with a spatial resolution of about 30 nm at a
possible solution is provided by tip-enhanced near-field 4 infrared wavelength of about= 10.6 xm
optical microscopy, where optical antenhidsuch as metal . S . i

P Py P Near-field optical imaging by s-SNOWMlis performed by

particle$ 1% and tipd**éfocus light to nanoscale dimensions. ding the liaht scattered f h ) b
Although these methods have been successfully applied for'€coraing the ight scatlered irom a sharp scanning probe

nanoscale-resolved spectroscopic mapping of single carbonsfJCh asa cantﬂeyered atomic force microscope (A'_:M) F'p
nanotubed’ tobacco mosaic viruséd,and moleculeds-2t simultaneously with the topography (Figure 1a). Vertical tip

they generally suffer from weak scattering signals. As oscillation .atafrequencyz, int.erferometri.c detection and

recently reported®2°22a significant signal enhancement can demodulation of the Qgtector signal at a higher ha_rmnﬁc

be achieved by strong near-field coupling between the then_aby gllow an ef_f|C|ent background suppression. When

probing tip and metallic or highly reflecting substrates. Here the illuminated tip is located above a homogeneous flat

we study how the strong tipsubstrate coupling in scattering- Sample surface, the scattered light and thus the near-field
optical image contrast can be explained by approximating

* Corresponding author. E-mail: hillenbr@biochem.mpg.de. Fa%9 the prObe by a d|p0|€p‘ located _m the Cem_er of the tp
89 8578 2641. apex?+2829Because of the near-field interaction between
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d (nm) Figure 2. s-SNOM images of a binary mixture of Au and PS

. i . i ) nanoparticles immobilized on a Si substrate. (a) Topography. (b)
Figure 1. Material-specific recognition of sub-10 nm nanoparticles - simultaneously recorded optical signal amplitagl€c) Line profile
by substrate-enhanced s-SNOM. (a) Schematics of the experimentagyiracted along the dashed line in (a), showing the topography of
setup. (b) lllustration of the extended dipole model used for two equally high particles A and B. (d) Line profile showing
calculating the s-SNOM signals in (c). (c) Optical signal amplitude gjfferent optical signals, for the two particles A and B.
s, shown as a function of the particle diametgrcalculated for
Au (red line) and PS nanoparticles (green line) on a Si substrate.
All values are normalized te;(d = 0). The calculation assumes a  the dielectric values, of the particle material increases (not

tip vibration amplitude of 20 nm and a second harmonic signal shown). This can be explained by the increasing polarizability

demodulationf = 2). o, of the particle, which enhances the strength of the particle
and its mirror image in the samplg’ = p; (¢ — 1)/(e + 1), dipolep,. Below a particle size of about 1/3 of the tip radius,
the interferometrically measured amplitugieand phaser, the particles cannot be distinguished anymore, as the coupling

of the scattered light depend on the local dielectric function between the particle and the tip becomes negligible compared
¢ of the sample. The near-field optical images can thus be to the much stronger coupling between the tip and the
considered as dielectric maps of the sample surface wheresubstrate. However, from the graphs in Figure 1c, we predict
the spatial resolution is given by the size of the tip aper.  that s-SNOM employing a Pt tip with radius of 20 nm should
However, when probing nanoparticles smaller than the allow one to distinguish PS and Au particles with diameters
diameter of the tip apex, the interpretation of the near-field d as small as 10 nm.
contrast is more complicated. Recently it was observed that Experimentally, we demonstrate the material and size
the near-field contrast of nanoparticles depends on theirdependency of the s-SNOM contrast of nanoparticles by
size?23 Even a size-dependent contrast reversal was re-imaging colloidal Au and PS particles with diameters
ported3 Both observations can be described by an extendedbetween 5 and 20 nm. The sample was prepared by
dipole model where the light scattered from the probe is immobilizing the particles on a flat Si surface covered by a
calculated by considering the near-field interaction between 1—2 nm thick bovine serum albumin (BSA) film. A random
a probe dipole, a particle dipolen,, and their corresponding  distribution of the two particle types has been achieved by
mirror dipoles in the substrate (Figure 1b). In our mcddel, atwo-step procedure. First, the substrate is exposed to a drop
the nanoparticle dipolg, is given by the polarizabilityx, of colloidal Au nanoparticle solution for about 2 min. After
of a small sphere with diametdrand dielectric valuep, o, drying the sample with nitrogen, the PS particles were
= 4n(d/2)® (ep — 1)/(ep + 2), while the probe dipolg is adsorbed the same way. Near-field optical imaging was
described by the polarizability; of a platinum ellipsoid with  performed with our home-built infrared s-SNOW¥where a
an apex radius of 20 nm and a dielectric vaéue= —1000 commercial Pt-coated Si tip (apex radias 20 nm) is
+ 500. illuminated by a focused CQOlaser beam at a fixed
The extended dipole model is applied here to calculate wavelengthi = 10.6 um. Operating in tapping mode, the
the IR s-SNOM signal of nanoparticles dependent on the tip is vertically vibrating with an amplitude of 20 nm at a
particle material. Figure 1c shows the results obtained for frequencyQ = 318 kHz. Pseudoheterodyne interferometric
gold (Au, e, = —5000+ 1000) and polystyrene (PS, = detection and second harmonic ¥ demodulation of the
2.4 + 0.1) particles on a Si substrate & 11.7) at a detector signal yield optical amplitudgand phase, images
wavelengthl = 10.6um. We find stronger signal amplitudes ~ simultaneously with topograpt#.
s, for Au than for PS particles. More generally, for a given The topography of the nanoparticle mixture (Figure 2a)
diameterd, we find an increasing signal amplitudgwhen shows the homogeneous distribution of single nanoparticles
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up to 20 nm in size. In the infrared near-field image (Figure 17
2b), we find that all particles (including the Au particles) & I
appear darker than the Si substrate. By extracting line plots o BB F
from the s-SNOM images, we can quantitatively compare 2 osk
near-field signak, and particle diameted. In the example g
shown in Figure 2, we find two particles of the same diameter © g4 L
(d = 12.8 nm, marked by A and B) that have different g
infrared signal amplitudes,. On particle B, the signad, is £ 0.2
about 30% lower than on A. Because the particles have equal

sizes, this observation lets us conclude that the particles have
different dielectric properties. As the particle mixture contains
only Au and PS particles, we can identify A as a Au particle
and B as a PS particle according to our calculation shown
in Figure 1c.

We note that the negative near-field contrast of Au
nanoparticles compared to the Si substraf\(1) < sy(Si))
is different from the positive contras$;(Au) > s,(Si)) of
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extended Au nanostructures on a flat Si surféé@?>2” The (b)

latter is well established and explained by near-field coupling i i r —
between the tip and its mirror image in the flat sample. When 0 5 10 15 20
Au particles much smaller than the tip size are probed, the h [nm]

near-field coupling between the tip and the particle, as well _ S ) )
as between the tip and the substrate, contribute to the signai:'gure 3. (a) Display of the near-field signal vs heighth obtained
)

. - . . . om s-SNOM images of a sample where Au and PS nanopatrticles
amplitudes; (Figure 1b,c). When the vibrating tip follows are adsorbed on a Si substrate. (b) Results of control experiments

the topography of a nanoparticle, the-tipubstrate coupling  \where either Au (red data points) or PS (green data points)

decreases while a tigparticle coupling rises at the same nanoparticles are adsorbed on a Si substrate. (a,b) All values are

time. However, the polarizability of small particles is normalized to that of the Si substrate. The manually defined

obviously not strong enough to compensate the decreasing€Parator between Au and PS (dashed blue line, being the same in
. . . oth graphs) is used to generate the material-specific maps shown

signal amplitude caused by the reduced—pbstrate in Figure 5a.

coupling. The particle thus yields a reduced sigaaélative

to the substrate. A similar observation was recently made

with S'SNOOM images of InGaN particles grown on a GaN particles were adsorbed on a Si substrate. The two samples
substraté! were imaged with the same tip and tip vibration amplitude
We can demonstrate the size-dependent near-field opticalas pefore. Employing subsequent data analysis as described
material contrast of nanoparticles by correlating topography apove, we obtais, au(h) for the Au sample (Figure 3b, red
and near-field signal. This is done by plotting the optical gata points) and, »{h) for the PS sample (Figure 3b, green
signal amplitudes,(x,y) measured at a pixekfy) versus the  gata points). By comparison of the data sets (Figure 3a,b),
heighth(x,y) extracted from the corresponding topography e find a good agreement betwesm(h) and the upper

image. We exclude all pixels belonging to undefined pranch in Figure 3a, whils, pdh) corresponds to the lower
structures and aggregates as well as pixels where thepranch in Figure 3a.

cantilever vibration amplitude differs by more than 2% from In Figure 3’ we observe Significant fluctuations of the

the average value obtained for the Si substrate. To minimize signal amplitudes,. We assign them partly to the uncertainty
mEChanica”y induced artifaCtS, i.e., the pOSS|b|I|ty that the in the he|ght measurement caused by the inhomogeneous
near-field optical contrast between Au and PS particles iS 1—2 nm thick BSA layer on the Si substrate. More
induced by the mechanical tiparticle interactiorf? we importantly, our analysis does not take into account the
further exclude all piXElS where the mechanical phase of the position of the probe relative to the partide_ The two
cantilever vibration differs by more thari fom the average experimenta| situations shown in Figure 4, for examp|e,
value obtained on the Si substrate. would yield data points in Figure 3 at the same height

In Figure 3a, we show the resudt vs h, obtained by However, because of differences in the particle size and tip
analyzing several s-SNOM images such as shown in Figureparticle geometry, we can expect a different optical near-
2, which altogether cover a sample area of aboud®8. field interaction between tip and sample, yielding variations
Figure 3a reveals two distinct branches that can be separateéh the optical signak,. More sophisticated image analysis
from each other foh > 7 nm. In good qualitative agreement taking into account the position of the tip relative to the
with our prediction (Figure 1c), we find that the s-SNOM particle might therefore reduce the signal fluctuations.
signal of nanoparticles depends on both their size and Obviously, the signal fluctuations play an important role
dielectric constant. Clearly, the upper branch in Figure 3a for the material-specific differentiation of the nanoparticles.
can be assigned to Au particles and the lower branch to PSIn our present experiments, we can successfully separate the
particles. To further verify this conclusion, we performed near-field optical signals from Au and PS partickeg nm

control experiments with samples where either Au or PS
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the near-field optical contrast for a given particle size
increases with decreasing tip radius.

A direct application of the results presented so far is
demonstrated in Figure 5. With the aid of Figure 3a, we can
generate material-specific maps of the analyzed particle
mixture. For that purpose, in the topography images (Figure
5a), we color the pixels witlin(x,y) = 7 nm according to
whether they are located above (red) or below (green) the
dashed blue line in Figure 3a. We have chosen this line
manually in order to separate the two materials Au and PS.
Because of the rigorous criteria (see above) underlying Figure

because of the strong difference in the dielectric properties _3a, only a few color pixels are found in Figure 5a. On the

. N S individual particles, all color pixels are found to be either
of these materials, yielding only a minimal overlap of the . o . . .

N . . red or green. This already verifies reliable material recogni-
two branches in Figure 3. For materials providing less

dielectric contrast, we expect an increasing overlap of the tion on the single-particle level. Tq enhance the'visibility ‘.Jf
branches, challenging an unambiguous material differentia—:heF_p artlcle3col?jréwe8retpti§t ?ur 'mage a][lalys;f] accorldlr?g
tion. In such a case, it will be crucial to reduce the signal to Figures S and »a. but this ime, we perform the analysis
fluctuations by improving the image analysis (see above) m_dependent Of. the mechar_ucgllcantllever phase. W? obtain
and by increasing the mechanical stability of the microscope ::'gl,”e_ 5(|:’ W?}'Ch, yéglqu s:gmﬁchtly m.clire color p')_“;ls'
setup. Note that any mechanical instability will generate noise |"t1guingly, the individual particles still appear either
in the near-field signal, which can be explained by the dominantly red or green. In the present case of Au and PS
strongly distance-dependent near-field coupling between tip Particles, changes in the mechanicaHgample interaction
and sampl&2 However, noise reduction alone will not solve  ©PViously do not change the near-field optical material
the fundamental problem arising with very small particles. @SSignment for particles 7 nm. Considering also that our
As seen both in experiment (Figure 3) and theory (Figure analysis is based on the correlation of single pixels rather
1c), the near-field contrast even between Au and PS is than whole particles, the observed clustering of colored pixels
strongly decreasing for particles with < 7 nm. As the is a remarkable result. Neither theoretical modeling nor
particle dipolep, O d® becomes negligible compared to the sophisticated image analysis or processing is required to
probe dipolep, the tip—substrate coupling dominates over 9enerate the color maps.

the tip—particle coupling such that the near-field signal  In conclusion, we demonstrated material-specific sS-SNOM
becomes insensitive to the dielectric properties of the mapping of a binary mixture of Au and PS nanoparticles
particle??3° According to the dipole model (Figure 1b), with successful recognition of particles down to 7 nm in
sharper tips would be beneficial to solve this problem, as diameter. We found that the near-field optical contrast of

Figure 4. Two experimental situations yielding data points in
Figure 3 at the same height

Figure 5. Two s-SNOM images of a mixture of Au and PS nanoparticles adsorbed on a Si substrate. The images show two different
sample regions included in the analysis presented in Figure 3a. (a) Topography (gray scale). Single pixels measurirtg=a heighare

colored depending on whether the corresponding data points in Figure 3a are located above (red, Au) or below (green, PS) the material
separator (dashed blue line). (b) Near-field optical signal amplisgdéc) Material-specific maps generated analogous to (a) but now
independent of the mechanical cantilever phase.
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the particles depends on both their size and their dielectric (9) Anger P.; Bharadwaj P.; Novotny IPhys. Re. Lett. 2006 96,
properties, Wh'Ch. can be descnb(_ad na goqd approximation (10) Kir?long ; Leone S. RJ. Phys. Chem. RO0G 110, 19804-19809
by an extended dipole model. By including higher multipoles 11) jiouye, v : Kawata, SOpt. Lett.1994 19, 159-161. '
and considering antenna effects in the probe, we expect to (12) Lahrech, A.; Bachelot, R.; Gleyzes, P.; Boccara, AGRL. Lett.
achieve a better quantitative description. Independent of 1996 21, 1315-1317.

theory, a simple analysis technique correlating topography (13) '2:5332 gHéC;'S(\;\é'(t)tiS'; Felderer, K.; GuckenbergerFRys. Re. Lett
and near-field image allows the separation of the two (14) Keilmann, F.; Hillenbrand, Rehil. Trans. R. Soc. London, Ser. A

dependencies and enables the generation of material-specific 2004 362 787—805.

maps of the particle mixture. Employing plasmeror (15) Hartschuh, A.; Beversluis, M. R.; Bouhelier, A.; Novotny,Rhil.
phonon-polariton-resonant tipsubstrate coupling or sharper Trans. R. Soc. London, Ser.2804 362, 807-819.

. . . - (16) Gerton, J. M.; Wade, L. A.; Lessard, G. A.; Ma, Z.; Quake, S. R.
probe_tlps could push the limits of mgterlal—spemﬁc s—_SNOM Phys. Re. Lett. 2004 93, 180801.
mapping even well below 5 nm particle séZeAs near-field (17) Hartschuh, A; Sanchez, E. J.; Xie, X. S.; Novotny Plhys. Re.
imaging can be performed at frequencies ranging from Lett. 2003 90, 955031-955034.

visiblel# to THZ3334and even microwa\'f’éfrequencies, we (18) Brehm, M.; Taubner, T.; Hillenbrand, R.; Keilmann,Nano Lett.
: : o , 2006 6, 1307-1310.
expect interesting applications such as label-free near-field ;4 petiinger, B.: Ren, B.; Picardi, G.: Schuster, R.; ErtlP6ys. Re.

infrared mapping of protein complexX&sn biomembranes, Lett. 2004 92, 961011961014.

material-specific mapping of nanoparticle assemblies or (20) Neacsu, C. C.; Dreyer, J.; Behr, N.; Raschke, MPBys. Re. B

recognition of conducting inclusions in nanocomposite - Zéoaos‘?rﬁsi?]&f?])ecken U, Raman Spectios@006 37 311

materials. From the demonstrated possibility of s-SNOM to 317, T C P '

map free carriers in doped semiconductor nanostructfeés, (22) Cuvitkovic, A.; Ocelic, N.; Aizpurua, J.; Guckenberger, R.; Hillen-

we also expect exciting studies of conduction properties in brand, RPhys. Re. Lett. 2006 97, 060801.

single sub-10 nm semiconductor crystals. (23) H?Ilenbrand, R.; Keilmann, FAppI. Phys. Lett2002 80, 25—27.

(24) Hillenbrand, R.; Taubner, T.; Keilmann, [Rature2002 418 159—
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