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ABSTRACT

Optica diffraction has been used for the first time to measure aperture area. Theresults are
compared to measurements made using severd other techniques, including a new radiometric
technique developed during the course of thisproject.  Diffraction code based on a Feynman path
integral formulation and valid in the Fresnd regime has been written.  Thisisafirg gepinthe
anticipated future development of more accurate diffraction code for radiometry.



NPL Report COAM 9

O Crown Copyright 2002
Reproduced by permission of the Controller of HMSO

ISSN 1475-6684

Nationd Physica Laboratory
Queens Road, Teddington, Middlesex, TW11 OLW

Approved on behaf of the Managing Director, NPL
by David Nettleton, Head, Centre for Optical and Analyticad Measurement



NPL Report COAM 9



NPL Report COAM 9

CONTENTS

2 APERTURE MEASUREMENT BY DIFFRACTION....cccuiiiiiiiiie e 1
2.1, Aperture Measurement by Diffraction: Theory ..........cccoovviiiiiiiiiiinnnne. 1
2.2 Aperture Measurement by Diffraction: Experiment ..........ocoeviiiiiiiininnn 2

2.3  Aperture Measurement by Diffraction: Uncertainty Contributions ..............2
3 APERTURE MEASUREMENT BY MICROSCOPY ....c.cveiiiiiiviieiieeeen 4

4. APERTURE MEASUREMENT BY INTEGRATED IRRADIANCE

4.1  Integrated Irradiance Method: Theory ..........coooiviviiiiiiiiii e 4
4.2  Integrated Irradiance Method: EXperiment ..........c.ocvvvieiiiiiinecniiennen 7
5 APERTURE MEASUREMENT SUMMARY ... a8
6. FRESNEL DIFFRACTION CODE ....c.oiviiiiiiiie e 8
7 ULTRASMALL APERTURES ... e e 8

9 FIGURES

Figure 1 Fourier Transform Phase Retrieva Flowchart ............................ 10
Figure 2 Diffraction Measurement Apparatus Schematic ................c......... 11
Figure 3 Far Field Regime Schematic ..........cocoviii i 12
Figure 4 Integrated Irradiance Method in One Dimension ...........ccceeevevennne. 13
Figure5 Integrated Irradiance Method in Two Dimensions ....................... 14
Figure 6 150 mm Square Aperture Measurement Results ..............c.oeeeeeee. 15
Figure 7 40 mm Disk Aperture Measurement ResultS ...........ccevvvivvininnen. 16

Figure 8 Comparison of Aperture Measurement Methods ......................... 17



NPL Report MAC CP1 (10 pt)

10 REFERENCES



NPL Report COAM 9

1 INTRODUCTION

Opticd diffraction isamaturetopic in physics. Many theoretica trestments of varying degrees of
complexity are wel known, ranging from the Huygens wavelet gpproach to numerica solutions of
Maxwell’sequations. Neverthelessin severd stuations of practica importance and/or theoretical
interest the full effects of diffraction have either not yet been computed to the accuracies desired or
have not been measured.  Furthermore while diffraction is often regarded as a complicating factor in
optica measurements, the sengtivity of diffraction to gpparatus dimensons raises the question of
whether diffraction can play auseful and direct role in measurement.  The potentia exploitation of
diffraction for metrology is an unexplored avenue.

One of the most important measurements in radiometry is the measurement of radiance. Sincean
gperture of some sort is necessary for this measurement in order to construct a solid angle, the
effects of diffraction must be accuratdy cdculable for the highest accuracy radiance measurements.
Even the most sophigticated primary standard radiometer which minimises diffraction effects by
creating a pseudo-infinite radiating source requires a diffraction correction. At present diffraction is
one of the main uncertainties limiting primary and secondary standard radiometric accuracy.

For the rdatively large aperture Szes used in radiometers, classicd diffraction theory is adequate in
principle even though work is required to achieve lower computationd uncertainties.  On the other
hand, for very smal apertures gpproaching sizes of afew wave engths the assumptions of most
diffraction theories break down. In particular chromatic and polarisation effects become
pronounced and both caculations and experiments with useful accuracy are extremely difficult to
achieve. Neverthelessarrays of ultrasmdl gpertures have been consdered for use as spectrd filters.

Diffraction by gpertures of intermediate sze (i.e. of order 100 wavelengths) is theoreticdly tractable,
sance smdl-scae effects are negligible and the far field case, which generdly alows significant
samplification of the equations, isredisable in the laboratory. In this case the intriguing possibility
exigs of working “backwards’ from diffraction in order to determine the dimensions of the aperture
itsdf. Thiswould be metrologicaly important as anew kind of dimensiond measurement technique
based on the use of light.

These consderations have led to atwo pronged investigation of unresolved issuesin diffraction: to
exploit diffraction for measuring aperture Size, and to develop more accurate diffraction code for
radiometry.

2 APERTURE MEASUREM ENT BY DIFFRACTION
21  Aperture Measurement by Diffraction: Theory

The aperture measurement technique based on diffraction exploits the well known fact that far from
the diffracting aperture, the light field of the diffraction pettern is the fourier transform of the light field
in the aperture plane.*  In principle then, the distant diffraction field, both amplitude and phase, can
be measured and transformed by fast fourier transform code to yield the complete two dimensiond
gperture function. In practice, however, measuring the phase of the light field would introduce grest
complexity into the experimenta gpparatus. It is doubtful that sufficient measurement accuracy
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could be attained.

To solve this problem, we have adopted a technique developed for high resolution astronomical
imaging cdled phaseretrieval. In thistechnique only the modulus (squared) of the diffraction
pattern ismeasured.  An iterative fourier transform process yields a reconstruction of the phase of
the field, which in turn enables the recongtruction of the diffracting gperture.

The fourier transform phase retrieval (FTPR) method has been described in the literature? A
flowchart outlining the method is shown in Figure 1.  The far-fied diffraction pattern is measured and
the modulusis straightforwardly obtained. A mock phase for the diffracted field is multiplied by the
actual modulus and the product (DF1) isfourier transformed. Certain congtraints can be gpplied to
the resultant expression, such as boundary conditions for the field based on arough knowledge of
the gperture Sze.  The contrained field then represents a firgt-round gpproximation of the field in the
aperture plane (AF1). AF1 isthen fourier transformed and the resultant modulusis replaced by the
true modulus to yield a new gpproximation of the diffracted fidd (DF2). Thiscydeisiterated until
convergence is achieved, at which point AF(j) = AF(+1). In practice convergenceis normaly
achieved in areasonable time on desktop computer.  On a 266 MHz Pentium |l machine, 100
iterations takes 18 seconds for a 128x128 diffraction pattern, 400 seconds for a 512x512 pattern,
and 27000 seconds for a 1024x1024 pattern.  Convergence was not achieved in some cases when
the diffraction data was noticegbly distorted ether by drift in the basdine or by a“washing out” of
the pattern when insufficient time was dlowed for each measurement.

The FTPR software was devel oped into an executable named PHASERET with an easy to use
front-end which reads data from a standard spreadsheet format. It will run on any standard issue
NPL PC.

2.2  Aperture Measurement by Diffraction: Experiment

Severd factors affecting the FTPR cdculation were tested by numericd smulation experiments:

- The number of diffraction zones measured, e.g. the number of ringsin the diffraction pattern of a
disk. When only 3 zones were put into the caculation, an error of 2% resulted. Thiserror
dropped to 0.2% for 8 zones and 0.1% for 16 zones. Typicaly 10-12 zones of diffraction were
measured in the actua optica experiments.

The number of data points per zone. The caculation was less senstive to thisfactor. In actud
diffraction measurements an average of 10 measurements per zone were typically acquired.
Numerica resultsindicated the resultant uncertainty to be ca. 0.05%.

Small random or cyclicd fluctuationsin the laser power. Mock data was generated by
computing diffraction patterns from anaytica expressions with fluctuations of up to 2% imposed.
The effect on the FTPR cdculation wastrivid, typicdly 0.05%.

Basdline subtraction.  The FTPR code automaticaly finds the basdine, so basdline drift can lead

to unpredictable errors or, as stated above, hon-convergence.

The gpparatus congructed to measure diffraction is shown schematicdly in Figure2. A 30mwW
helium neon laser (I =632.8 nm) was spatidly filtered and intendity stabilised to better than 0.2%
over 12 hours. The polarisation incident on the gperture was either vertica or horizonta, depending
on the orientations of the haf waveplate and polarisers.  The beam exiting the spatid filter was 4-6
mm in 1/&® diameter and collimated, so the central portion of the field incident on an aperture of
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order 100 mm was essentidly uniform.  The distance from the gperture to the measurement plane
was measured by a calibrated insde micrometer.  The detector unit was mounted on a2-D

trand ation stage with incremental encoders and maximum trandation of 200 mm per axis. The
stated accuracy of each stage (3 mm) was confirmed prior to use viaa cdibrated micrometer. The
detector was a Hamamatsu model 1337 photodiode. A box with matt black interior enclosed the
light-sengitive parts of the apparatus.

In order to determine gperture Size by FTPR, it isimportant to ensure that the measured diffraction
pattern isindeed afar-fidd pattern.  An intuitive gpproach to identifying the far-field regime can be
gleamed from Figure 3. Rays A and B emanate from the one edge of the aperture, whileray C
emanates from the other.  In an observation plane adistance L from the aperture, rays B and C
interfere to contribute to the point in the diffraction pattern which isin the angular direction Q with
respect to the gperture normd. Inthefar-fidd (L ® ¥ ) rays A and C interfere to contribute to
the anadogous point in the diffraction pattern. Therefore, the far-fidd is effectively reached when A
and B become equa to within asmall fraction of awaveength. For an aperture of dimension 100
nm and awaveength 633 nm, the far-field is on the order of 0.5 meter from the gperture. Thiswas
confirmed by numericaly generating diffraction patterns of disk and square gpertures and comparing
these via least- squares fitting to patterns generated by andytica expressonsfor far-fidd diffraction
by these shapes.

A diffraction pattern of afew square inchestypicaly took 6-12 hoursto measure. Datawas dmost
aways acquired overnight in order to minimise thermd drift due to the intermittent presence of
people, opening and closing the lab door, etc.  Thermd stability was aso found to be better with the
room air conditioner switched off, snce this unit’s proportional control leads to pronounced
temperature oscillations of +1 degree.  (Although the laser stability was typically better than +0.1%,
the laser power as measured through a small aperture mounted directly in front of the detector was
typicaly no better than +0.5% over severd hours.  Thisis beieved to be due to fluctuationsin locdl
areas of the laser cross section originating in the crysta within the laser stabiliser module. Theloca
environment within this crystd is temperature dependent.)

2.2  Aperture Measurement by Diffraction: Uncertainty Contributions

The following (k=2) uncertainty contributions to the gperture Size measurement were determined for
the experimenta conditions outlined above. TypesA & B uncertainties are to be added in
quadrature.

TypeB
- # zones measured: 0.15%
# points per zone: 0.05%
measurement of gperture-to-detector distance: 0.1%
laser power fluctuation: 0.05%
trandation stage positioning uncertainty: 0.05%
TypeA (aperture dependent)
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3 APERTURE MEASUREM ENT BY MICROSCOPY

Measurements made by the FTPR method have been compared to those made by three types of
microscopy:  eectron microscopy (EM), norma optical microscopy (OM), and cdlibrated image
andysis (CIA). These microscopy measurements were done by the length metrology section at
NPL. Additiona OM measurements were done by usin order to test for long term degradation of
the apertures.

In both EM and OM the gperture is mounted on atrandatable platform.  The position of the
platform is measured to asmal fraction of an optical wavelength by alaser interferometer.  The
apertureis viewed through a high power lens system and the length of line ssgments connecting two
points on the aperture edge are measured.  Thus these techniques are in essence “sampling”
techniques in that a complete 2-D image can be built up only by measuring many 1-D sections. The
ultimate accuracy of an gperture area measurement is limited by (1) the number of samples acquired
and (2) the accuracy of each 1-D measurement. The severity of the firgt limitation depends on how
much the aperture shape deviates from an ided one. The second limitation is aresult of fundamenta
wave physics.  Since both EM and OM rely on imaging the aperture edge, the accuracy of each 1-
D messurement is limited by the ultimate resolution of thisimage.  For the case of OM this resolution
ison the order of an optica wavelength (0.5 nm) whereas for EM it on the order of the deBroglie
wavedength of an energetic dectron (5 nm).

In CIA a CCD chip is mounted in the focd plane of alens sysem and the complete system (lens +
CCD) iscdibrated by viewing a 2-D object of known size. The calibrated system is then used to
view thetest gperture. The main limitation with CIA is, asin OM, the finite resolution in principle of

the aperture image.

4 APERTURE MEASUREM ENT BY INTEGRATED IRRADIANCE METHOD
4.1  Integrated Irradiance Method: Theory

Asafurther test of the accuracy of the FTPR method, anew radiometric aperture measurement
technique was developed. This Integrated Irradiance Method (11M) compares the measurement
of the power in alaser beam with the power of the same beam incident on the gperture in question
measured at an array of points.  The two powers will be equa if the correct aperture size has been
assumed.  This Smple method yields uncertainties better than 1% for the area of smal (150 mm)
gpertures and should aso be adaptable with lower uncertainty to larger apertures.

The method can be explained in one-dimension with the aid of Figure 4.  The curve at the top of the
figure represents the cross sectiona irradiance | (y) of alaser beam propagating pardléd to the z-axis
and incident on an aperture array parale to they-axis. The aperture array has a grid spacing of

c° a+b and each apertureisa wide. The average irradiance of the beam across thei-th aperture
is represented by the height of the i-th grey pillar and equals:
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Yi+E
2 Ob° A )
v 3
wherey; isthe midpoint of thei-th aperture.
Thetotd power incident on thei-th aperture issmply the area of the i-th pillar:
aA ° P, )
The irradiance between grey pillars, i.e. where the beam isincident on opague sections of the
gperture array, isnot measured. However if the beam cross section is smooth between adjacent
apertures, then the irradiance between any two apertures can be assumed to be the average of the
irradiance on these two apertures.  In other words, the average irradiance at the i-th opague section
of the array (B) isthe average of the height of thei-th and the (i+1)-th grey pillars,

A +A+l lo}
-— B (©)

and the power incident on the i-th opague section of the array is.

bB, ° P, “)
Inthefigure B, is represented by the height of thei-th white pillar.
Combining (2) and (4), the totd power in the beam is then:

& (an +bB)° R, (5)

Thisexpression is essentidly equivaent to the “rectangular rule’ in dementary caculus for cdculating
the areaunder acurve. Asa and b approach zero, the expression becomes more exact.

By subgtitution and rearrangement, equation (5) leads to the following expression for the aperture
gze
Co
Ea. (Pai + Pa(i+1))
a= 1, ©
Pot - Eal (Rau B Ra\(i+l))

Therefore a can be sraghtforwardly cdculated if the following quantities are measured:
the grid spacing ¢
the power tranamitted through each gperturein the array P;
the total power in the beam Py

The three quantities listed above are generdly easier to measure than asmal gperturesize. Thetota
power in alaser beam can be measured by asingle uniform photodiode.  Similarly the laser power
transmitted through a small aperture can aso be accurately measured with aphotodiode.  Lastly, the
gperture array can be amulated by moving asingle gperture to dl positions on the grid by means of a
precison trandation sage. The grid spacing ¢ isthen set by the user and read from the stage’'s
encoder.

The generdisation to 2-D is straightforward (Refer to Figure 5).  Here a square aperture of areaa’
oriented with Sdes pardld to the x- and y-axes has been assumed. (This assumption is made
purdly to smplify the equations. In fact the method can be shown to work equdly well with
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gpertures of other shapes.)  In the equations below, i isthe row index of thearray and j isthe
column index.
The irradiance and power at aperture position (i,j) are related as

a’ A = R (7)
and the irradiance and power at the adjacent opaque position are related as

abB; =P, (8)
where

Aj + A j+1)

% o Bij (9)
The power inrow i is

a>a (aA; +bB)) ° P, (10)

i

The power in the opague region between rowsi and (i+1) is.

E I:)rovvl + I:)rovv(i+]) o p

a 2 browi
The totd integrated power is then:

a (PrOWI + Pbrowi) = I:zot (11)

After subgtitution and rearrangement, equations (7)-(11) yield the following expression:

ic?o o i
’:\Za| aJ- (R] + F?(j+1) + P(i+l)j + P(i+1)(j+1))%+

1\|,C o o l;l (12)
a’:\Eal ?( ij + F?(j+1) B P(i"'l)j . P(i+1)(j+1))g+

11e o u
%Zfii 31-( i " Pi(j+1) B F?i+1)i + P(i+l)(i+1))g

P. asexpected.)

1]

(Note that for a=c, equation (12) reducesto R, = é

— Q)o

Equation (12) isa quadratic equetion in 3 S0 just asin the 1-D case the aperture area can be

directly caculated in terms of:
the grid spacing ¢
the power tranamitted through each aperturein the array Pj;
the totd power in the beam Py

Thefina result of 11M isthe aperture area, which for any aperture shapeis a“.

4.2  Integrated Irradiance Method: Experiment

The diffraction measurement apparatus was used for dl 1IM measurements.  The only modification
was that the test gperture was mounted directly onto the trandation stage afew centimetersin front
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of the detector. Thetotd laser beam power measurement was made using the same detector with
the aperture removed. (The beam diameter was small enough <o that at least 99.95% of its energy
landed on the detector.) Specid care was taken to minimise multiple reflections between the
detector and the aperture mounting assembly, as these would lead to an anomaoudy large caculated
aperture area.

Severa numerica tests were done to test the sengitivity of 1IM to experimenta conditions.

- Sincethelaser beam is diffracted by the test aperture, the silicon detector sees a spread of angles
of incidence. Cdculations showed that the resultant error was less than 0.01%.
Mock data, generated assuming a gaussian laser profile and a perfectly spaced grid, was fed into
the lIM cdculation. Surprisingly the beam need cover as few as 9 grid points to achieve better
than 0.1% accuracy in the aperture size determination.
Since the trand ations stages have finite pogitioning uncertainty, mock data was generated
assuming some fluctuation in the grid spacing.  Huctuations on the order of the trandation stage
specification lead to errors of less than 0.03% when the grid spacing was less than twice the
gperturesize.  Huctuations twice as large led to errors of lessthan 0.05%. Increasing the grid
gpacing to severd times the gperture size led to margindly increased errors.
Cdculations were adso made assuming rectangular and circular gperture shapes with equivaent
accuracy to the square aperture case.

5 APERTURE MEASUREMENT SUMMARY

Complete sets of aperture measurements by al of the techniques discussed above were acquired for
a 150 nm square aperture and a 40 nm disk gperture. The results are shown in Figures6 & 7.

These comparisons provide an important link in the tracesbility chain for the new technique. The
results for gpertures of dimension 150 mm diameter showed excellent agreement (i.e. agreement well
within error bars) between dl the measurements, with uncertainties at the 1% leve for dl techniques.

The mgor source of uncertainty in the optical microscopy techniquesis the fundamenta imaging
resolution limit for a given waveength, whereasfor FTPR it is Type A uncertainty due to non
diffractive scattering by imperfections in the aperture.  In principle eectron microscopy is capable of
orders of magnitude lower uncertainty. However, since this technique measures the distance from
one edge to another, smal imperfections in the aperture rim cannot be accurately mapped unless
typicaly hundreds or thousands of individua messurements are mede.  When only asmal number of
measurements are made, which even then can take a day, the uncertainty is dominated by the size of
the imperfections, which are typically of order 1% for this Sze aperture.

The FTPR results for a40 nm gperture agreed with the microscopy results only to within afew
percent. In this Sze regime the aperture thickness is comparable to the cross sectiona size. Thus
sgnificant non-diffractive scattering occurs which distorts the diffraction messurement and the
resulting fourier transform.

The lIM for the 150mm sguare gperture were in excellent agreement with the results of the other
measurement methods.  The dominant uncertainty was due to the apparently random spread in the
cdculated gperture Sze after many trids.  Thisis beieved to be due to scattering from imperfections



NPL Report COAM 9

in the gperture edge and land. Imperfectionsin the laser side of the aperture can scatter additional
light into the gperture.  On the other hand, imperfections on the detector side can scatter transmitted
light such that it misses the detector.

The lIM results for anomindly 50 nm diameter disk gperture were in much poorer agreement with
the microscopy results. Thisis not surprising given the much higher thickness-to-diameter ratio of
this smaller aperture and the large edge imperfections resulting from its production by laser drilling.

A chart summarising key aspects of the various measurement techniques is shown in Figure 8.

6 FRESNEL DIFFRACTION CODE

Ancther strand of the diffraction project was to begin development of diffraction code. There were
two motivationsfor this
Comparing measured and calculated diffraction patterns is one means by which gperture Sze can
be determined.
High accuracy diffraction code is required for the calculation of diffractive lossin radiometric

apparati.

After someinitid work on thefirg of the above ams, it was decided to be unworkable. A huge
number of calculated patterns would need to be generated quickly, and image comparison software
would need to be developed.

The second of the aims remains a high priority and new code developed in this project is a good
darting point. The new code is computationaly efficient and can caculate Fresnd (and of course
Fraunhofer) diffraction from any two dimensiona object illuminated by apoint source. A laser
source can be smulated by moving the point source far from the diffracting object.  This code was
based upon the work of Dauger.®  Its novety is the use of a Feynman Path integral formulation.
The code was tested by computing diffraction patterns in cases where the result is known
andyticdly, namely the far field cases for disks and rectangles.

This aspect of the project will continue as a CASE student project at Imperid College. Inthe
preliminary phase of the studentship, diffraction code developed a NIST will be investigated.*

7 ULTRASMALL APERTURES

Diffraction theories come a various levels of sophidtication.  Generdly the Kirchoff modd, which
assumes an infinitey thin, perfectly opaque diffraction screen and a sharply delinested gperture edge,
is cgpable of high enough accuracy for radiometric caculations.  The next leve up treets the
diffraction screen as an infinitely thin, perfectly conducting plane.  Then the diffraction problem is
treated by solving Maxwells equations™®  However for apertures on the order of awavelength in
Sze, nather theory is sufficient to account for the effects of finite thickness, which istypicaly greater
than the size pardld to the diffraction plane. Measurements by Butler of the transmittance of optica
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radiation through a 10nm aperture shows rough agreement with the Maxwell theory and confirms the
disparity between the physica sze of the gperture and the effective size measured by spectra
transmittance® A further anomaly of the optical properties of ultrasmall apertures was reported in
measurements of the spectral transmittance of aperture arrays.”  Peak transmittances greater than
theratio of total aperture areato total beam cross sectional area were reported and attributed to
surface plasmons.  Measurements made at NPL on arrays of ultrasmal holes manufactured for ESA
showed no evidence of anomaous transmittance pesks. At al wavelengths transmittance was lower
than the ratio of total aperture areato total beam cross sectiona area.

8 CONCLUSIONS

The Strategic Research project on diffraction has demonsgtrated that optical diffraction can be
exploited to measure medium size gpertures (3 100 mm) with uncertainties comparable to those of
microscopy methods.  This new techniqueis of interest for several reasons.
- It measures area rather than distance, and so isinherently suited to 2-D measurements.
It is fundamentaly optica, providing the best evidence we know of to date of the agreement
between physical and optica areafor apertures of thissize.
The gpparatus is relatively inexpengve to build and to maintain. Measurement cods are
comparable to those of microscopy methods.
Diffraction patterns can provide a diagnostic tool, in some cases via smple visud inspection, of
the deviation of nominaly round or square gpertures from idedlity.
In the future high resolution pixe-by-pixel calibrated detector arrays may make diffraction
measurements extremely rapid and accurate, making the FTPR method more attractive asa
measurement tool.

The Integrated Irradiance Method is an unanticipated spin-off of this SR project. While FTPR is
limited by reasons of practicdity to aperture sizes on the order of 100mm, I1M can aso be applied to
larger apertures, perhaps even as large as severd millimeters.  Further development is necessary to
determine the upper bound on aperture size and the ultimate uncertainty achievable. The lower
bound on aperture sze measurable by 11M is not limited by fundamenta physics, as are FTPR and
optica microscopy. However, the increased thickness-to-sze ratio and edge defects of very small
gpertures does increase uncertainties of measurements obtained by 11M.

The diffraction caculation code developed in this project has provided a springboard for a CASE
student project devoted to diffraction in radiometry.
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9 FIGURES

FIGURE 1: FOURIER TRANSFORM PHASE RETRIEVAL FLOWCHART
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FIGURE 2: DIFFRACTION MEASUREMENT APPARATUS SCHEMATIC
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FIGURE 3: FAR FIELD REGIME SCHEMATIC
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FIGURE 4: INTEGRATED IRRADIANCE METHOD IN ONE DIMENSION
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FIGURE 5: INTEGRATED IRRADIANCE METHOD IN TwO DIMENSIONS
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FIGURE 6: 150 nm SQUARE APERTURE MEASUREMENT RESULTS

nomindly 150 nm square # measurements | Average width or Uncertainty
(copper, ca. 15 mm Sgrt(Area) in mm (k=2)

thick)

Electron Microscopy 6 144.60 0.7% per

width

Optical Microscopy 8 145.6 1% per width

Cdibrated Image Andysis 1 144.79 0.7%

Diffraction: 10 144.66 0.7%

FT Phase Retrieva

Integrated Irradiance 3 144.63 0.2%
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FIGURE 7. 40 mMmDisk APERTURE MEASUREMENT RESULTS

nominaly 40 nm diadisk | #measurements | Averagediameter in mm | Uncertainty (k=2)
(stainless stedl, 13 nm

thick)

Electron Microscopy 3 41.40 1.2%
Optical Microscopy 240 40.5 1%
Cdibrated Image Andysis
Diffraction: 12 38.9 2.4%

FT Phase Retrieva

Integrated Irradiance 11 40.5 1.5%
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FIGURE 8: 40 mMmDisk APERTURE MEASUREMENT RESULTS
Dimensondity | SzeRange Accuracy Messurement
Person-Time
Electron Microscopy 1-D > 100 nm 10 nm 1 day for 1
% of 100 nm
Optical Microscopy 1-D 10 M- 1mm 1day
few mm's 1% of 100 m
Cdlibrated Image 2-D 10 mm- 1mm 1/2 day
Andyss few mm's 1% of 100 nm
Diffraction FT 2-D 50mm-  400| 0.7 % of 150 mm 1 day
Phase Retrieval nmm
Integrated Irradiance 2-D 50mm-  few| 0.2 % of 150 nm 1/2 day
mm's 0.05% target

17
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