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ABSTRACT

Quickly developing nanotechnology drives the indabineed for fast but sensitive nano-scale featle®ction and
evaluation. In this work we bypass the diffractitimit for achieving nanoscale sensitivity by inttadng optical

singularities into the illuminating beam for a midelil laser scanning microscopic architecture. Adyoorrespondence
was obtained between laboratory experiments angsponding simulations that indicated a theorepoaéntial of 1nm

sensitivity under a practical signal to noise ratfi30dB. For analysis of the experimental and &tmn results, two

simple but effective algorithms were developed.ighicant improvement of signal to noise ratiotie optical system
with coherent light illumination can be achieveduiyization a highly redundant data collected dgrexperiments. Our
experimental results validate achievable sengjtidibwn to 20nm. The unique combination of nanoecansitivity

together with implementation simplicity and on-limeal-time analysis capability make Singular Bellinroscopy a

valuable industrial analytic method.
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1. INTRODUCTION

Progress in high-tech production and scientificeagsh relies heavily on high sensitivity instrunagian for
measurements and quality control. Parameters &valkeiated include the dimensions and position abrecale surface
features, surface roughness, surface defects amidlgasize distributions. High volume and high to$ production
processes impose the need for high-sensitivityhaglo-speed inspection systems operating on theugtimh lines.

Traditional approaches for high sensitivity surfatgpection, such as confocal microscopy, scanpipfye microscopy
and interferometry cannot combine high speed wig Isensitivity and spatial resolution, as requibgdcutting edge
technologies. Singular Beam (SB) microscopy is ¢peileveloped with an attempt to fill this technolamp.

As opposed to other techniques, that use Gaussim,tplane wave or evanescent wave illuminatids,ntethod uses a
singular beam. Based on the intensity pattern sihgular beam, scattered by the investigated seyfauarface feature
parameters can be deduced. While most of the otleéinods intend to generate images of investigaigfdce features,
SB microscopy aims to collect more refined inforimat Generally, a singular beam contains one orenuaptical
singularities, where the amplitude vanishes angtiase is indeterminate. At the early stages ialmecapparent that SB
microscopy has nano-scale sensititityin this paper we continue to investigate the biijties of SB microscopy using
a line phase singularity imbedded in a Gaussiager lasam. The principles of SB microscopy are predith the next
section and the experimental results are descitb8dct. 3. This is followed by a discussion andatesions.

2. SINGULAR BEAM MICROSCOPY

The main idea of the SB microscopy can be outliagdollows. A SB scans the investigated sampleiatedacts with
objects, frequently of dimensions in the nanomeggion. The light scattered from this interactierpropagated in free
space and/or through optical systems and is reddogiea detection system and its intensity distidufs analyzed in
time and space. The classical diffraction limitisded by collecting information as the objectammed by the singular
beam and the analysis of the scattered light istcaimed by the overall system Signal-to-Noise ®RENR), as opposed
to the fundamental diffraction limit of conventidmimaging systems.
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2.1 Singular beamsand their generation

A singular beam is a light beam that contains anmare optical singularitié$. In this work we only deal with phase
singularities that possess regions of indetermipatese where the complex amplitude vanishes betr gihgularities,
such as polarization singularities can also be idensd. Although generally, SB microscopy dealshwgither one
dimensional or two dimensional singularities, imstivork we used a line phase dislocation as simigylarhe line
singularity was introduced in a Gaussian beam bynseof an phase step, which was fabricated by a special
lithographic procedure and wet etching of glasssake.

2.2 Singular beam microscope

The optical setup of a SB microscope used herestdidiace feature analysis is schematically presemdeg. 1. A
Gaussian laser beam is modulated by a mask witplease step that introduces the line phase digtmcahd the SB is
focused onto the focal plane of a microscope oljeavhere it interacts with the investigated suefaRegistration of
the scattered beam intensity distribution is penfed at the recording plane by a 6 Megapixel digitahera.
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Fig. 1. Optical setup of the investigated SB micoge. A Gaussian laser beam passes through a iplaagethat introduces
optical singularity. The singular beam is focusedoahe investigated surface and the light scatteseecorded with

the digital camera.
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Fig. 2. An example of the SB intensity distributisolid curve) vs. a corresponding Gaussian iftiedsstribution (dotted
curve) at the focal plane of the microscope obyjectrhe intensities are normalized to 1.

Fig. 2 presents a simulated intensity profile agrasSB compared to the intensity profile of a cgponding Gaussian
Beam (for numerical aperture of 0.4). Both intengitofiles are situated at the focal plane of therascope objective.
The phase dislocation causes the SB complex ardpliim be anti-symmetric leading to an absolutensitg zero at the
center (where the amplitude crosses zero). The ibtensity lobes of the SB can be viewed as two aofhan
interferometer that can intuitively explain why wanale sensitivity is possible. For comparisonroeaperimental SB
with a corresponding experimental Gaussian Beattneatecording plane see Fig. 3. Both the 2D imagesprofiles are
provided.

3. EXPERIMENT

A series of experiments were performed to study nheo-scale sensitivity of SB microscopy at twofedént
wavelengths (514 nm and 488 nm) of an Ar ion laSerce similar results were obtained at both wangtles we present
here only the data obtained at 514 nm. All the erpental results are accompanied by simulationainbtl by paraxial
optics approximation in its operator representation



3.1 Experimental setup

The experimental investigation was performed owgiical system shown schematically in Fig.1. Seoiesxperiments
were carried out, each possessing its own setrahpeters, and the results were compared to comdsmpsimulations.
The differences between experimental results andatlens from the simulated results are mainly ilatied to
imperfections in the optical system and the impletagon of ther phase step. As a test object model, a 500 nm high
phase step (PS) was lithographically prepared &rman thick glass substrate. This glass substratem@unted on a
nanopositioning stage with computer based motiorirob It should be noted that the orientationted test object PS is
aligned in parallel to the PS that is imprintedtlom phase mask used to generate the line phaseatisin singularity.
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Fig. 3. Experimental intensity distributions of th®aussian beam (a) and SB (b), taken at the rewprgiane.
Corresponding cross-section profiles (c) of Gausbi@am (dotted curve) and a SB (black curve).
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Fig. 4. Profiles of the intensity distribution inet recording plane. Semi dotted curve — simulatdimer curves experiments.
The phase step is situated at the center of thin&B intensity distribution. Screen coordinatgsresent the recording
plane.

The asymmetry of the side lobes of the experimpntaitained curves (A, B and C) in Fig.4 is caussddifferent
surface roughness on the two sides ofttiphase step edge (only one side was etched).

The experimental sensitivity was verified by namdscshifts of the PS (lateral position changesgthet to the SB focal
intensity distribution. Although the shift valuefféred between the experiments, during a singleegngent the shift
value was kept constant (ranging from 20 nm to ). it each PS position (after each shift) scattdight distribution
was recorded and compared to a corresponding diomla
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Fig. 5. Same as Fig. 4 but with the phase steptsitioutside the singular beam focal intensityrithistion.

Figures 4 and 5 present simulation and experimentidut intensity distribution profiles. Fig. 4 cesponds to the PS
position at the SB focal intensity distribution temwhile Fig. 5 corresponds to the PS positiothatexternal edge of
the SB focal intensity distribution. In a typicadperiment the PS scans through the whole sing@anbfocal intensity
distribution leading to hundreds measurementssimgle experiment. For example, 5 micrometersdhmatsampled with
25 nm shifts produce 200 measurements and the arbudata may reach 10 GB. Experimental curveswader than
the simulation due the imperfections in the optemtup. A sample selection of experimental measengsris shown in
Fig. 6. The upper row shows the recorded 2D intgrasid the bottom row shows the profile correspogdo the cross
section marked in the upper row. The relative aacyof each shift was of the order of 1 nm.

17 A 1 1 A 1~ o 1 A~
0.5/\/\ 0.5/\/@ O.SJ\ 0.5/\/\/\ 0.5/\/\
0 0 0 0 0

42 02 4] 42 02 4| 42 02 4| -4a-2 02 4| 42 0 2 4

a. b. c. d. e.

Fig. 6. Output intensity distribution (a)-(e) anari@sponding profiles for the PS positions (showamf left to right): -4 um,
-2 um, O um, 1.8 um, 4 um. The vertical axis fafifes is relative intensity.

3.2 Method of integration window analysis

Fig. 6 indicates that the central region of theauintensity distribution is most sensitive tohéftsof the PS. Moreover,
this region bears the most similarity to the sirtialzs. Consequently, the simplest way of analy§ithe experimental
data would be to introduce an integration windolaced at the center of the output distributionstagwn in Fig. 7. The
value of the total power in the window can be @dtagainst the PS position as shown in Figure &o#gh the
experimental curves are wider (due to imperfecliotiee overall similarity between the nanoscaleegixpent and the
simulation are apparent. Obviously, some optimizatf the shape and position of the integrationdeim can improve
the results.
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Fig. 7. Integration window application to outputensity distributions shown in Fig. 6. The integrat(summation of
intensity) is performed only on the pixels insite window.
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Fig. 8. Integration window power as a function @& Position. Vertical axis is relative power; hortal axis is the PS
position in microns. Semi dotted curve is simulatiother curves — experiments.
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Fig. 9. Integration window power sensitivity asuadtion of PS position. The results are normalized0 nm PS shifts that
were used in experiment C. Vertical axis is in pete®f maximum integration window power; horizoraais is PS
position in microns. Semi dotted curve is simulatiother curves — experiments.

Based on the curves of Figure 8, the sensitivitiieaed during the experiment can be evaluatedhis tase the
sensitivity can be defined as a relative changeutfut intensity distribution to a given changeP§ position. In other
words, it is a rate of change of window power darection of position or, simply, a derivative ofetlturves in Fig. 8.
This sensitivity is presented in Fig. 9. It shobkl noted that the sensitivity values of differexperiments (that were



performed with different PS shift values and diéietr parts of PS edge) were normalized to the FiBaft20 nm (as was
the case in experiment C and the simulation).

The curves in Fig. 9 demonstrate a considerabldasity to the simulation, which is an importansudt for nanoscale
shifts, measured using visible light. The valuesioforder of 1%, of maximum window power, for shifif 20 nm can
be discriminated and measured. This implies thett susimple optical setup, which includes technicltigmperfections
of the elements, strongly demonstrates the ahifitgt least 20 nm shift sensitivity and can be enpénted in fast real
time applications.

3.3 Method of profileanalysis

The method of integration window analysis describbdve is simple but it discards most of the abédlanformation.
To exploit more information it is possible to utii the whole output distributions shown in Figs54nd 6. In this case
it is convenient to leave theaxis as a screen (recording plane) coordinateuaadhey axis for the PS position, relative
to the singular beam focal intensity distributidme profiles of consecutive measurements are placedbeside the
other to form a profile map, as shown in Fig. 10 fimulation results and in Fig. 11 for experiménsults
corresponding to 20 nm PS shift.
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Fig. 10. Simulated output intensity distribution tine form of profile map. The result representsiraukation of an
experiment with the PS scanning across the fo¢ahgity distribution of the SB in shifts of 20 nfor each position
of the PS the intensity profile on the recordingr@ is coded in grayscale.
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Fig. 11. Same as Fig. 8 but for experimental data.

Contrary to Integration Window analysis the profdealysis method uses less raw data in calculatfomach point.
Therefore the effects of speckle and interfererares more pronounced, such as the vertical linegimga on the
intensity distribution seen in Fig. 11.

The sensitivity for the profile analysis can becodted as a relative difference between outpugnisity profiles
corresponding to adjacent PS positions. The seitgitiesults corresponding to Figs. 10, 11 are shawFigs. 12 and



13, respectively. Remarkably the sensitivity (irqemts of the peak recording plane intensity) & Brofile analysis
method is similar to that of the integration windamalysis method and it is of an order of 1% ofkpexrording plane
intensity for shifts of 20 nm.

As indicated above, the influence of optical systeperfections is enhanced and produces more ttsr especially
when considering the sensitivity. A quick analysighe simulation and experimental results provs the selection of
the central area for integration window analysiss wastified both because the distortions there raweh less
pronounced than at the periphery and because teasity changes (and consequently the sensitidtg most

prominent in the central region.
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Fig. 12. Simulated sensitivity for the profile map Fig. 11. The sensitivity result corresponds tsimulation of an
experiment with the PS scanning across the fotahgity distribution of the SB in shifts of 20 nFor each position
of the PS the sensitivity profile is coded in gicals.
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Fig. 13. As Fig. 12 but for the experimental savisyt for the profile map of Fig. 11.
3.4 Analysis method considerations

The analysis methods described above represergighdéforward implementation. In the case of thegnation window
analysis method a single (scalar) value was useathdoacterize a given position of the PS. For tlogensophisticated
method of profile analysis each position of thei®&haracterized by a profile (vector) and moreaaded methods can
be envisioned where a whole matrix is used fomptbstion characterization.

A remarkable feature of both analysis methods @r thbility to convert redundant information avaie from the

measurement to improve the SNR. In the case ofiat®n window analysis method a whole window iggmated into

a single value thus effectively removing the adeezffect of both the speckle and interference him dase of profile
analysis method, data samples are integrated atreggofile, thus reducing the effect of speckléhough in this case
the number of integrated pixels is lower and consat]y the noise and distortions are more pronadince



In the examples treated in this work we restrictedselves to the determination of a single feapaeameter, the
position of the PS. Obviously, other features, sagheight, or a line width, can be evaluated dk Rer such cases, the
representation should deal with situations (rathan positions) represented by scalar, vector drixnaalues. Clearly,
when more information about a situation is avadaflore features can be evaluated. On the other, katrdcting more
information from a single measurement usually mefamser pixels integrated to obtain a value. This ha adverse
effect on SNR. Therefore a specific analysis mettazlild be carefully chosen according to the reguapplication.

4. DISCUSSION

Using standard laboratory equipment the experinhe@atallts presented above demonstrated a sensiti/20 nm with

a working distance 1 mm. Thus, SB microscopy emabémoscale sensitivity at high scanning speethéaof confocal

microscopy). Moreover, the required numerical asialys relatively simple and can be also handldugtt speeds with
conventional computing power. The description agglits presented above show that in the case ohiS®scopy the
investigation sensitivity depends solely on SNRhga than on diffraction limit, for instance). Thiseans that the
sensitivity can be improved by improving the SNRaofinvestigation system.

4.1 Capability simulations of SB microscopy

The experimental results presented above corresppoadpecific laboratory system not optimizedhe full potential of
SB microscopy. For instance, the focal intensistribution for an ideal case (of NA = 0.4), as shdw Fig. 2, is about
three times narrower than the corresponding foatniity distribution of the experimental SB obéain Therefore
additional simulations were performed to invesegde theoretical capabilities of SB microscopy.

The additional capability simulations assumed aalidbptical system with NA = 0.4 and SNR = 30dEl{iding the
processing gain obtained by an analysis method)il&@ito the experiments, these simulations usetiase step as an
object model. The simulations checked two caseas@lstep shift and phase step height changes.i®\démonstrated
in Fig. 12, the sensitivity is not uniform acrogsieus PS positions. Similarly it is not unifornress various PS heights
either. Consequently, a sensitivity cutoff valuesveosen such that it will hold for approximateB#8 of PS situations
(positions in the case of PS lateral movement)s Bimsures that the following simulation resultsehpractical, rather
that purely theoretical meaning. The results arg:rZn sensitivity for lateral PS shift and 1.25 sensitivity for PS
height change.

4.2 Applications of SB microscopy and itslimitations

Alongside clear advantages of SB microscopy foustdal applications there are also disadvantageslianitations.

First of all, to choose the proper method of datalysis, SB microscopy requirespriori information about the
investigated object. Although this limitation repeats a major issue for general microscopy, itoisso important in
industry, where the investigated object is usulitipwn. The second limitation of SB microscopy ig flact that it
extracts information about object features rathantits image. Therefore, SB microscopy is evatliateterms of a
sensitivity metric rather than resolution metricgafn, industry is usually much more interested iral@ating

object/surface features than in visualizing themaly, at the current state of art SB microscopyléveloped only for
certain classes of isolated objects.

The unique combination of the capabilities of SRmmscopy for high sensitivity and high speed euvé#bmamakes it an
attractive choice for industrial applications, pite of inherent limitations. One of the possibjgkcations is alignment,
which can be derived straightforward from the ekpent discussed above. The other likely applicaisosurface defect
detection which can also be easily implementedsiimple monitoring of the output intensity distritmut. Other possible
applications include on-line production controlrtpde sizing and lithographic photomask registrati

5. CONCLUSIONS

An experimental demonstration of the sensitivityS&8 microscopy was presented along with numerinalysis. The
principle of SB microscopy eliminates the classuiffraction limits that exist for conventional imimg systems, trading
it off with limitations imposed by the overall SN& the system and the requirement for saamgriori knowledge.
Paraxial simulation of an ideal case predicted ifeitg comparable to modern interferometric metlodnder
reasonable SNR assumption. Analysis of experimergalilts confirms sensitivity of 20 nm with a pdtah of
improvement by at least an order of magnitude. Sugh sensitivity combined with high scanning spéeat is due to
sufficiently long working distance makes SB micrmsg an attractive tool for industrial applications.
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