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Abstract:  Recently, the existence of a perfect lens has been predicted
made of an artificial material that has a negative electrimgévity and a
negative magnetic permeability. For optical frequencipsatmans version

is predicted to exist in the sub-wavelength limit. Thenyahle permittivity
has to be negative, a demand that metals fulfill at opticajueacies. We
propose a new measurement scheme to verify the performdrsech a
negative permittivity near-perfect lens at optical freggies. The scheme
is based on near-field scanning optical microscopy and ssingblecule
detection. Prerequisite near-field single molecule dataessary to assess
the performance of the lens, is presented. A numerical atialy which
includes absorption, of the expected performance of a dlab realistic
negative permittivity material confirms the merits of theame.
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1. Introduction

Since the prediction of the existence of a perfect lens bydBem PRL [1], the scientific
community has picked up the challenge to prove the expecteusing and amplification of
evanescent electromagnetic waves by a slab of left handéstialgLHM). In a left handed
material both the relative electric permittivityas well as the relative magnetic permeability
are negative. Already in 1968, Veselago showed that suchM kldb would refract electro-
magnetic waves ‘the other way around’, reversing Snells[l2]. This reversal of the law of
refraction allows one to use a planar LHM slab to focus pragiag waves and hence be used
as a substitute for a positive lens. The resolution of thegarfarmed by a conventional posi-
tive lens is governed by the diffraction limit, as only prgp#ing waves coming from an object
are focused. The evanescent waves, present in the nearffigdd object and which contain
information on the high spatial frequency components ofdibject, decay exponentially with
distance from the object. This can be understood from a Epdagcomposition of the electric
field coming from an object into plane waves:

E(xy,zt) = kZ E (ky, ky) explikz+ ikex + ikyy — icot). Q)

Here, ke andky are the spatial frequencies in the x and y direction resggtandw is the
frequency of the light. Furthermorky, k, andk; are coupled:

k= /w?c 2—kZ—K2. @)

Two situations can arise: the first is wheAc 2 > k)% + k§ so thatk; is real and the correspond-
ing term in equation 1 is a phase factor. Thus, the plane veguepagating. On the other hand,
if w?c? < k2 + kf, thenk; is imaginary and the resulting evanescent wave is expaibnti
decaying in the z direction. Therefore, a classic lens caresmver evanescent waves when it
is used to construct an image of the object. As a consequéreé@nage is imperfect due to
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the loss of spatial information, corresponding to the Higlandky values. The prediction by

Pendry, which was not without controversy, was howeverdhaab of LHM can also amplify

exponentially decaying evanescent waves [1]. The LHM kamgtherefore include the evanes-
cent fields coming from the object. The combination of fongsand amplification yields a
perfectly reconstructed image, hence the term ‘perfedt len

Though the concept of negative refraction is already a fevades old, experimental evi-
dence of negative refraction by left handed material waseied just recently for the GHz
range [3]. Here, the LHM slab was comprised of an engineer@gmal using copper split ring
resonators (SRRs) and wire strips. The combination of thesS&hd wires results in material
with a negativeu ande for a certain frequency band.

However, at optical frequencies in the range of several radslof THz, the constraint of
having a negative as well as a negativg cannot be fulfilled by any known natural material.
A negative permittivity is attainable by metals near thespia frequency, but then stjli ~ 1.
Scaling down SRRs to appropriate dimensions for visibletlig unfortunately not feasible.

Pendry showed that there is a way out: in a quasi-electiostpproach, the magnetic and
electric fields can be considered decoupled and for P-geldevanescent waves only the per-
mittivity will be of relevance, regardless the valuerafin other words, in a quasi-electrostatic
case a negative permittivity suffices for creating a peitieres. This imposes a new extra con-
straint on the detection scheme: for the electrostatict lapproach to be valid, all relevant
dimensions must be such that retardation effects can bectedl Thus, the entire object-lens-
image system has to be much smaller than the wavelength bfjttie

Absorption of light by the negative permittivity materialliset an upper limit on the high-
est spatial frequency that can be mapped by the lens. As Wwehal, this does not impair
the use of the negative permittivity lens for sub-wavelarigtaging for k-values up to and in-
cluding~ 10- 2r1/A. We anticipate that, rather than being used for ‘perfeciging purposes,
the negative permittivity lens will find its use primarily applications where sub-wavelength
information in the form of evanescent waves is to be transfeand where only a discrete re-
sponse is required, like in data storage and lithographydge situations, the sensitivity of the
lens to the polarization or, more useful in the near field atiealEy, Ey andE; field compo-
nents is less of an issue. Some features of the negativetfieitynlens on the individual field
components will be explored in this paper.

Up to now, much effort was put in numerically evaluating tipical properties of both LHM
and negative permittivity material (NPM). Simulations iicate that the LHM slab indeed can
amplify an incident evanescent wave. The transfer fungtiofor spatial frequenciels, andky
of a LHM slab can be near 1, where the highest spatial frequidrat is imaged without distor-
tion is limited by the absorption of the LHM slab [4, 5]. In térared regime, the applicability
of the SRR/wire strips combination is investigated by the aE2D transfer matrix method
simulations [6]. Furthermore, the requirements for negldfamplification of exponentially de-
caying waves with a NPM lens are equal to the requirementlgeing a surface plasmon on
the surface of the lens. It is therefore generally beliebad surface plasmons are responsible
for the reconstruction of the sub-wavelength features @&dlectric field [7].

Experiments that address the essential property of the N+ amplification of evanes-
cent waves and the recovery of high spatial detail — havelzsm performed. For example,
AFM has been used to probe the height pattern of a developedfiibhotoresist, obtained after
illuminating a mask with features the size of a few wavelesgtown to the sub-wavelength
scale in combination with a silver layer [8]. Far-field me@suents also indicate the existence
of enhanced transmissivity of evanescent waves througlver $ilm, where the evanescent
waves are excited through surface roughness and the dadiktion characteristics of the sur-
face scatterers are analyzed [9]. However, direct evidegameasuring the local field of the
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image and comparing it with the field of the object is still airg.

We propose a measurement scheme in which both the opticalesas well as the detector
have sub-wavelength dimensions: a combination of neat-8elnning optical microscopy
(NSOM) and single molecule detection (SMD) is capable oéating the effect of the NPM
lens on the individual components of the near-field and alavdirect comparison of the ob-
ject and image fields. The single molecules will act as véaitdetectors of the fields so that
not only the magnitude but also the direction of the recaieséd field can be determined. The
scheme is therefore ideal for evaluating the imaging prtseof the NPM lens.

2. Adirect near-field method

The measurement scheme comprises the following ingrediansub-wavelength source of
evanescent waves, hence our object in ‘object-lens-image's, is a Focused lon Beam (FIB)
modified NSOM fiber probe [10]. A thin~20 nm) layer of metal, which is our negative per-
mittivity material, is placed on a rigid polymer matrix. Theetal layer will act as the lens. The
polymer layer contains fluorescent molecules in a conctaitrghat allows individual address-
ing of each molecule (typically 1@ M). An accurate height control allows precise control over
the distance between the NSOM probe and the sample [11].&tbp & schematically shown
in Fig. 1.

As previously said, the single molecules will act as the meglisub-wavelength detectors
of the evanescent fields reconstructed by the negative timityilens. The fluorescence of a
molecule directly reveals the local electromagnetic fields fluorescence intensity of the
molecule is related dg O E - 1. Here,E - TI is the vector dot product of the local electrical field
E and the transition dipole of the molecylie Note that the molecule’s fluorescence is sensitive
to both the absolute value of the local electrical field ad aits orientation with respect to the
dipole [12, 13, 14]. As a result, the full vectorial field cargifrom the sub-wavelength object
can be explored.

NSOM probe 4>‘

] Metal ~ 20 nm

X
molecule —— % ;y
polymer matrix —» M

Fig. 1. Proposed near field set-up to evaluate the performance of thidéis. A NSOM

probe is used as a sub-wavelength source of evanescent fields nodight to within a
few tens of nanometers away from the NPM lens by using shear-feecbéick. The NPM
lens is placed on a layer of a polymer matrix containing fluorescent meketbat are
individually addressable and will act as sub-wavelength detectorgigens the vectorial
nature of the local electromagnetic field. Shown in the red circle is a FIBeméa real

NSOM probe with an aperture diameter-ofL00 nm.

The field components of a FIB modified NSOM fiber probe can beapmated by an ana-
lytical model formulated by Bethe and Bouwkamp, for probasihg a low surface roughness
[15, 16, 17]. For an aperture diameter of 100 nm, typical fNS©OM probe, a calculation based
on the Bethe-Bouwkamp model is shown in Fig. 2 for a distaric0am from the aperture.
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Shown are, from left to right, the fields,, E, andE, respectively, where the subscript denotes
the direction of the field. The planar wave used for the efoitas polarized in the x-direction
as indicated by th&g symbol. The strongest field component near the apertugg &nd it
has the same direction as the polarizatiofeg§. Orthogonal tdEy, but still in a plane parallel
to the aperture, i&y. The amplitude of this field is lower than tig field by more than a factor
of seven. The last field present near the hBlgis orthogonal to botlE, andEy and it is only

by a factor of two weaker tha,
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Fig. 2. False color representation of a Bethe-Bouwkamp calculation dietks present at
the end face of a near-field scanning probe with linearly polarized excitédiiot. Shown
from left to right are the absolute valuesEf, Ey andE; respectively. The field amplitudes
are normalized to the maximum field amplitudeEf Aperture diameter = 100 nm, indi-
cated by the white circle. Distance to the aperture = 20 nm and the waveleBdth am.
The rich variety of the field at the end face of the NSOM probe is evident.

Measurement schemes for mapping local fields employing ecaterers or fluorescent
beads are unable to distinguish between the field compomesntsey only detect the local
intensity distribution. However, a single molecule is stéves to both field amplitudeand its
direction. It therefore exclusively probes the local fieidhe direction of its transition dipole
moment. By using differently oriented molecules it becopessible to distinguish between the
local field distributions in the various directions. The siéiwity of single molecules to various
field directions is illustrated in Fig. 3(a). Experimentata depicted in Fig. 3(b) proves that
single molecules actually map the local field of the NSOM grob

Since for propagating waves, the NPM lens is not expectedharece the image, ths field
will be less suitable as an object since it also has propagatmponents (re&}). In contrast,
to probe the predicted lensing by a negative permittivigbsimeasuring thg; field is ideal
to use as an object, becausgis strongly evanescent. Nevertheless, both field comperseat
evaluated in the simulations below to gain understandirtgehear-field behavior of the NPM
lens with respect to polarization.

3. Expected performance of the near-field set-up

In order to gain insight into the expected fields in our measient scheme, we have modeled
the measurement scheme presented here using a commeawgilgble three-dimensional fi-
nite integration technique solver [18]. The schematic layaf the simulation model is shown
in Fig. 4. The NSOM probe is modeled by a perfectly electljcabnducting screen, with a
circular aperture in it of a diameter of 100 nm. The NPM lenddscribed by a lossy Drude
metal, modeled as

“% ©)
E=Ck— 75— —.
(w2 —iwy)
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Incoming polarization O

(@ (b)

Fig. 3. (a) Mapping of the field components of a NSOM probe by a molesittea dipole
moment as indicated b§ and ¢, usingcircular polarization. TheEx andEy fields of the
fluorescence light are color coded as red and green respectivedguBe of the circular
polarization of the exciting field, thE; field is mapped as a donut-like shape. (b) Single
molecule data obtained with NSOM using circularly polarized excitation lightldf im.
The aperture diameter of the NSOM probe used in the measurement rg1L.30he in-
plane polarization of the emitted light is color-coded as in (a). A typicallrdsu the
three orthogonal directions are indicated by arrows. The red anch gmreews point to
molecules that have probed tBg andEy fields, respectively. A typical result for tHg,
field is indicated by the yellow arrow. THe; field is probed by an out-of-plane oriented
(6 = 0) molecule and the typical donut shape is retrieved. Clearly, the sindecuie is
capable of detecting the vectorial nature of the local electromagnetic field.

Here, &, is the dielectric response in the infinite frequency limi,is the plasma frequency and
y is the electron collision rate. In the following, all paraters are chosen such that the Drude
response closely resembles that of silver [19]. No furtlssuenptions are made. Specifically,
no quasi-static approximations are made.

First, the situation without the NPM lens is regarded, whéee simulation is basically a
Bethe/Bouwkamp-like calculation of the electric field nassub-wavelength hole. This three-
dimensional calculation will be the reference pattern taclwisubsequent calculations will be
compared. A plane wavé\§ = 356 nm) travels from the top of the simulation space towards
the screen. The field compone@sandEy that are induced at the aperture are evaluated along
a line parallel to the screen at two distances from the aperd 10 nm away, corresponding
to position 1 in Fig. 4, and at 40 nm away from the apertureesponding to position 2 in the
same figure. Note that 10 nm is a typical probe-surface distannear-field microscopy.

The normalized field magnitude of thg and E, components at position 1, i.e. at 10 nm
distance, is evaluated and is presented in Fig. 5. The riesuthis distance is represented by
the blue line. Also without the lens, the normalized field migigde at 40 nm distance, i.e., po-
sition 2, is evaluated and is represented by the green limefi€ld magnitudes are normalized
to allow easy comparison of the shape of both fields. It is inliately visible that both th&y
and thek; field components broaden with distance. Also, small lobeseat in thegy field at
10 nm from the screen are lost after a distance increase off3d0’he broadening is a direct
consequence of Eq. 2 in case of an imaginanhigh spatial frequency, i.e., sub-wavelength,
information and thus the ‘sharpness’ or confinement of tHd testribution, decays with dis-
tance. The amount of broadening of the field distributionowéwver different for both the field
components. For thEy field, the full width at half the maximum (FWHM) increases byaa+
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z NPM slab 20 nm

Fig. 4. Schematic layout of the simulation space (side view). A planar ingvi@ges a per-
fectly electrically conducting sheet, with a 100 nm circular aperture cut ftoThe sheet
with the aperture is our model for the NSOM probe, corresponding talzeB@ouwkamp
configuration. Thés; andEy fields are evaluated at locations 1 and 2, both with and without
a negative permittivity material slab. The results of these simulations asemqted in Fig.

5.

tor of 1.2 for an increase in distance of 30 nm. THefield undergoes a significantly larger
broadening over the same distance: the FWHM of a single latredises by a factor of 3.4.

Subsequently, while keeping the rest of the configuratiersttime, we introduce a 20 nm slab
of negative permittivity material in the calculation. Theude metal is driven at a frequency
corresponding to the wavelengty in air, and exhibits a permittivite = —1+ 0.4i at that
frequency. The fields are again evaluated at position 2 astteglin Fig. 5 as red curves.

Clearly, the results obtained by the simulations show thatsiab of negative permittivity
material recovers the sharpness of the fields at positiohidatéhe lens. For thE, component,
the FWHM of the red curve is nearly identical to the FWHM of thear curve, suggesting
some focusing. Furthermore, some of the detail in the forioluds that had been lost without
the lens is reconstructed. Shoulders appear in the pattera than 100 nm away from the
center. These shoulders might be attributed to resonandbs transfer function of the NPM
slab, caused by deviations from the ideal lossless and -gtet# situation [20]. For th&,
field, the red curve is much more confined when compared torgengcurve. We can define
the relative effect on the FWHM as the ratio of the width of tleédfiat 40 nm without the NPM
slab to the width of the field at 40 nmith NPM slab (FWHMg n/ FWHMQ4g nmiens)- This ratio
is for theEy field 1.3 whereas FWHIb ni/ FWHMag nmens for a single lobe of; is 1.9. The
E; field is ideal to probe the performance of the lens, becausemfeasons. The first is that
the FWHM of theE; field is much more sensitive to distance thanBadield. A small change
in distance therefore has a much higher impact on the shaje gfattern when compared to
the Ey field which makes the FWHM of thg, pattern a good marker for the distance. Second,
the influence of the lens on the FWHM of the patterriEgis larger than the influence on the
FWHM of the pattern ofy. This allows a more accurate experimental determinatiothef
lens with the pattern of thi; field.

These simulations clearly demonstrate the effect of de€ayanescent fields on the sharp-
ness of the pattern: the image sharpness is strongly destéeendent, where steep edges get
smoothed with distance. Hence, we conclude that the imatgeneldl by the mapping of the
single molecule will be dependent on both the distance ofrtbkecule to the aperture as well
as the performance of the NPM lens. The distance betweenSi@MN\probe and the molecule,
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Fig. 5. Simulation results. Shown are the componéBis$ and |E;| in Fig. (a) and (b)
respectively. The normalized magnitude of the field components is platedjated at
position 1(green curve) and at position Ablue curve) as displayed in Fig. 4, both for

the slab-less situation. Clearly visible is the broadening of the field with distdtece
curve: the NPM slab is inserted and the magnitude of the fields is evaluated once again
at position 2. The resulting field magnitudes are more confined and sloogvdetail than

their counterparts without the lens, the green curves.

combined with the measured evolution of image sharpnedsdistance, allows for a direct
comparison between patterns characteristic for excitaith circularly polarized light with
and without a lens present so that the imaging propertidseoRM lens can be addressed.

4. Measured evolution of|E,|? with height

Data on the evolution of the single molecule pattern as atfomof distance is heeded to be
able to compare image sharpness with and without a NPM skedept. Here, we focus on
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the detection of;, for reasons made clear in the previous section. Notelfhat a vertically
oriented molecule is proportional t&,|2. Figure 6 presents the mapping of the height depen-
dence of theE,|? field using the fluorescence of a vertically oriented molechét exhibits the
donut-like excitation pattern. From this data, the full thiét half the maximum as a function
of height can be extracted, by performing a cross-secti@utih the pattern. Taking the center
of the pattern as the origin, this results in a radial distidn of the intensity in fluorescence
photon counts. To improve on the signal to noise ratio, fohgaobe-sample distance all pixels
lying on a circle with a certain radius from the center of tlagt@rn are integrated over2The
result is then divided by the number of pixels, which yields average number of counts for a
certain radius. This process is repeated for all radii.

0+3nm 3+£3nm 613 nm 23 £3 nm 36 £3nm 64 £ 3 nm

500 nm

Fig. 6. Intensity-map by a single molecule of tBe field as a function of probe-sample
distance. The molecule is Dilg and is excited with circularly polarized light of 514 nm
(in vacuum). The NSOM probe has an aperture diameter of 130 nmwiloh image the
respective distance is indicated, where a distance of zero nm equais-tuntact’ situa-
tion. The fast decay of the field intensity with distance is evident, as well dwtiaglening
of the pattern as is expected from the simulations.

Figure 7 shows the radial distribution of the fluorescenaent® as a function of probe-
sample distancésolid lines). Also shown are calculated radial distributicjastted lines). For
these calculations the experimental data for the ‘in-adhi@ase are fitted with the Bethe-
Bouwkamp model, with the ‘in-contact’ probe-sample disgnthe aperture of the NSOM
probe, the background intensity and a scaling factor toecorfior the input power as the free
parameters. The resultis the blue dotted line in Fig. 7. Wkffinthe NSOM aperture diameter
154 nm, for the ‘in-contact’ distance 41 nm and for the backgd intensity 44 counts. The
subsequent calculations for the other heights contain @® frarameters and have only the
measured height as input. The calculated theoretical suave in good agreement with the
measured data.

Furthermore, from Fig. 7 we can directly map image sharptestistance between the
NSOM probe and the single molecule. There are various wags tinis, but for reasons ex-
plained in the previous section the FWHM is a very suitabledaate. The FWHM versus
distance of the data in Fig. 7 is shown in Fig. 8. Clearly, theasured data is in good agree-
ment with the theoretical curve. The single molecule thuabie to map the FWHM of thg,
pattern as a function of distance, making the decrease @farslarpness with distance directly
visible.

The influence of the NPM lens is that the FWHM of the pattern,naagied by the single
molecule, is less than can be expected given the total disthiom the aperture. Therefore
also the distance-dependency is different from what carxpeated. Measuring the distance-
dependent pattern of tHg, field with a NPM lens present will immediately reveal this non
standard behavior. A direct comparison with Egattern without a lens will then unravel the
imaging properties of the NPM lens.

5. Conclusion

We have presented a novel method that can directly evalvafgerformance of a negative per-
mittivity slab at optical frequencies. The usefulness drriield scanning optical microscopy
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data with the Bethe-Bouwkamp model is also displayadg dots). Based on the fit, the
theoretical curves for distances of 23 and 64 nm are calculatedgde and purple dots
respectively). The broadening of the pattern with distance is apparent.
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Fig. 8. Measured FWHM of thi,|? pattern in Fig. 7 as a function of distance. The meas-
ured data is obtained from Fig. 7 and the theoretical curve is obtainedtfrerBethe-
Bouwkamp model. The model and the data are in good agreement, shthainthe use

of the FWHM of theE; field as a quantitative means to investigate the influence of the
negative permittivity material lens on image formation is very well feasible.
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combined with single molecule detection is confirmed thioogr simulations. The simula-
tions, which incorporate a Drude model realistic for sij@tow that the negative permittivity
slab will enhance the detail of the local field. Absorptiamitis the total enhancement of the
image by the NPM slab, but nevertheless for the FWHM spedyithé influence of the lens
on thekE; field is large: a reduction of the feature broadening by aofact 1.9 is found. The
calculations show the necessity of a vector detector, li&@gle molecule, for the evaluation.

Through single molecule detection, we have measured hot tfield evolves with height.
The measurements show the feasibility to use the near-figtiainete-dependency of tikg field
as a marker for the reconstruction of tagfield by a NPM lens.
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