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Abstract

Micro-optical electo-mechanicakystems(MOEMS) technology making use of existing silicon basedfabricationtechniques
shows great potential for making complete miniaturized hybrid devices. Such technology has been usedto make a Fourier
transform spectometer basedon a time-scanningMichelson interfeometer An electiostatic comb drive actuatormovesthe
scanningmirror over a distanceof 40 wum. The measued resolutionof the spectometeris 6 nm at a wavelengthof 633 nm. The
dimensionsof the device are 5X5X 0.5 mm, and the depth of featue is 75 wm. During quality control of suchdevicesit is
necessaryto check the dimensionsof micron wide structues that are tens of microns deep, over areas of tens of squae
millimeters. In this work we haveinvestigatedhe useof white light scanninginterfeence(WLSI) microscopyfor makingrapid,
non-destructiveprecision three-dimensionameasuements.While a high axial precision can be achieved,an artifact has been
observedwith classicalconfigurationsthattendto extendthe location of deepstepdiscontinuitiesby up to 3 wm andso broaden
narow structues. With certainmodificationsin the optical configuration,this error can be considerablyreduced.The resultsof

this work demonstratehat WLSI showsgreat potentialfor the rapid and precisequality contol of MOEMS devices.
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1. Introduction

Optical MEMS, or MOEMS (micro-electo-mechani-
cal systems$ technologyplaysanincreasinglyimportant
role in domains such as telecommunicationspptical
networking, information storage,wirelesstechnologies,
envionmentalmonitoring, and remotesensingand dis-
play technology Componentsand systemsas varied as
the optical bench on a chip, integrated optical laser
scannersmicro-shuttersor optical switcheshave been
developedat an industrial level. The compatibility with
integrated circuit technology allows batch processing
and productionin large quantitiesat low cost.

Thecombinationof differenttechnologie®nthesame
device brings with it new challengesfor carrying out
metology at both reseach and productionlevels. New
analyticaltools are required that are capableof rapidly
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and non-destructivelyanalyzing inhomogeneousnate-
rials, on micron or submicon wide structuesthat may
be tensof micronsdeepand extendover tensof squae
millimeters.

White light scanning interfeometry (WLSI), or
coheenceprobe microscopy(CPM) is a very promising
techniquefor performing metmology on such complex
structues [1,2]. The useof far field imaginganda thin
virtual scanningprobe planeleadsto submicon lateral
resolution, nanometricaxial resolutionand high speed
non-destructiveanalysis of large areas [3—6]. In this
work a miniature FT spectometermadewith MOEMS
technology [7] has been investigatedusing WLSI to
explore some of the challengesof carrying out fast,
accuratethree-dimensionametmology on such devices.
The spectometer is basedon a scanningMichelson
interferometerfor usein miniature low costapplications.
The systemincludes narow (1-2-um wide) spring
structues and closely interleaved electiostatic combs
thatare 75 wm in height.



Fig. 1. SEM view of FT spectometerMOEMS structue (similar to,
but not exactlythe sameasthe samplemeasuedin the presentwork).

Initial three-dimensionaineasuementausingatypical
WLSI systemwith a Mirau interferenceobjective results
in a goodoverall view with high precisionmeasuement
of surfaceheights.But on closerinspection,an artifact
has beendetectedconcerningthe exactlateral location
of stepdiscontinuitieswhich canbe extendedby up to
3 pm. The 1.8-2 pm wide combteethcanthusappear
to be up to 7-um wide. This is surprisingsince early
work on CPM usedfor measuringcritical dimensions
of micron high andwide gratingstructuesdemonstrated
the possibility of achieving submicon measuement
precision (0.010-0.019 wm) in determiningedgeloca-
tion usinga high resolutionLinnik interfeometer[8].

Height artifactsknown as ‘batwings’ at the edgesof
step discontinuitiesare known to exist for stepslower
in height than the coheencelength of the light used
(typically lessthan 1 wm) [9,10, describedas being
due to diffraction effects at the step discontinuity But
this has not beenlinked to uncertaintiesin the edge
location.

In this work we have therefore investigatedthe use
of differentinterferenceobjectiveswith variableapertue
diaphragmopeningsat different wavelengthgo try and
betterunderstandhe problem of lateral artifactsat step
discontinuitiesand to propose an initial solution to

Tablel

reducethe lateralmeasuementerrors when makingfull
three-dimensionaieasuementsof MOEMS structues.

2. Experimental

2.1. Fabrication of the miniature FT spectrometer
MOEMS device

Fourier transformspectoscopyis a well-known and
widely usedtechniquefor the measuementof spectra
of weak extendedsources,providing a highersignal-to-
noise ratio performancecompaed with other methods.
Miniature spectometers are becoming increasingly
attractivefor new applicationsas varied as color meas-
urement,industrial processcontrol, envionmentalmon-
itoring and medicaldiagnostics.

The MOEMS device (Fig. 1) [7] is basedon a
miniaturized Michelson interferometerusedin a time-
scanningrouriertransformspectoscopymode.An elec-
trostaticcombdrive actuatormovesthe scanningmirror
through a maximum driving distanceof 40 um a a
frequencyof 1 Hz. The actuatorand the mirrors are
fabricatedin a single etch step by deep reactiveion
etching (DRIE) of silicon on insulator (SOI) wafers.
The dimensionsof the overall device are 5xX5x0.5
mm. The measued resolutionof the spectometeris 6
nm at a wavelengthof 633 nm.

An important aspectof the metiology of such a
MOEMS systemis the three-dimensionameasuement
of the different structues in order to determinethe
processparametersf the etchingtechniqueusedandto
checkthe precisionthat can be achieved.

2.2. WLSI measurement system

Details of the WLSI measuringsystemcan be found
in Ref. [2], which is basedon two microscopes.The
first is a Leitz Linnik microscopewith x10 and x50
Linnik objectives(seeTable 1 for detail9, an incandes-
centlamp and souce focusillumination. The secondis
a Leica DMR-X microscopewith x10 and x40 Mirau
objectives(Table 1), a halogenlamp with a selectionof
interfeencefilters available,andKohler illumination. A
Sony XC-75E CCD camerawith a standad 8 bit digital
imaging boad is usedfor imagecaptue anddigitaliza-

Variationof comb structue width with interfelenceobjectivewhen profiled with CPM in white light (spectralrange400-1000 nm)

Objective Numerical Lateral Comb structure widtt{.m)
aperture resolution Aperture diaphragm Aperture diaphragm
(m) open closed
x10 Linnik 0.18 2.07 5.26 3.54
x10 Mirau 0.25 1.49 6.88 7.16
x40 Mirau 0.6 0.62 5.34 5.14
x50 Linnik 0.85 0.44 51 3.04




tion. The sampleis mountedon a piezoelectrictrans-
ducer(PZT) tablewith linear feedback(LVDT - linear
variable differential transforme) contwol having a ver
tical sensitivityof 10 nm over a rangeof 100 um.

The algorithmsfor systemcontwol, and image proc-
essingwasdevelopedn-house.The modulationcontrast
detectionalgorithm basedon Ref. [11] was used‘on-
the-fly’ to measue the full depthof the structue (75
wm) over an imagesize of 760X 572 pixels. To inves-
tigatethe XZ imagesandZ profiles at a given position,
a full seriesof 1000 images128x128 pixels in size
were stored in RAM.

3. Measurement results

3.1. Initial measurements of MOEMS using a standard
configuration of WLSI

Initial measuements carried out on the MOEMS
devicewere performedusing a standad WLSI config-
uration consisting of the x10 Mirau objective on the
Leica DMR-X microscope,with white light and the
apertue diaphragmof the illumination system fully
open.As hasbeenwell establishedvith this technique
[3,4], the heights of the different structues can be
measued to a high precision,in this exampleto within
100 nm over the full 754um depth. Higher precision
canbe obtainedusinginterpolation.On closerinspection
of the results,artifactswere found to be presentat step
discontinuities, resulting in the measued widths of
narrower structues being too high and micron wide
structues having missingdetail.

Finer analysisof step edgesshowedthat the system
was extendingthe measued position by up to 3 um,
resulting in a false location. The profiles of an edge
structue in Fig. 2 show the advanceof the measued
stepedgefrom the height profile (solid line) compaed
with the real position (dotted line) from the intensity

"Ghost"
fringes

Fig. 3. ContrastenhanceZ imagetakenfroman XYZ imagematrix
showingpresenceof ‘ghost’ fringes appearingnearstepdiscontinui-
ties (comb teeth measued with the x40 Mirau objective with the
apertue diaphragntfully openin white light.

profile of the reflectionimage.For the sakeof compar
ison, the edgepositionsare takenat half the heightand
intensity values, respectively The same positive error
remained even after rotating the sample around the
optical axis by 90°, excluding the possibility of a
directional systemerror. Carefully making a full depth
Z scanof a combtooth structue, further analysisof the
XZ image revealed the presenceof ‘ghost’ fringes
extendingout into empty spaceat the top of the step
andinwards underneathhe bottom of the step(Fig. 3).
The artifactin edgelocationarisesfrom the presenceof
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Fig. 2. Advanceof measued edgelocation (solid line) of stepdiscontinuityfrom FT spectometermeasued with the x10 Mirau objectivein
white light with the apertue diaphragmopencompaed with the deepreflectionimage (dottedline).



the highercontrast'ghost’ fringes at the top of the step
detectedby the algorithm.

3.2. WLSI measurements using different objectives

To betterunderstandhe origin of this edgeartifact,a
seriesof width measuementsof the samecomb tooth
(known to be 1.8-2-p.m wide from SEM images were
made using different interference objectives.The aper
ture diaphragmwas used fully open and then nearly
fully closed.In the caseof the x40 Mirau objective,
differentwavelengthsvere alsotested.

The resultsof the widths measued at the half height
positions(Table 1) showthat for the Mirau objectives,
the values are slightly lower for the larger numerical
apertue, but showno improvementwhenstoppingdown
the apertue diaphragm.For the x40 Mirau objective,
ther is a slight improvementat shorter wavelengths,
giving a width of 5.74 um in red light (A=632 nm)
and 4.26 pm in greenlight (A=450 nm). In contrast,
with the Linnik objectives.there is a dramaticimprove-
mentjust by stoppingdown the apertue diaphragmand
a further slight improvementwith the larger numerical
apertue, resultingin a width of 3.04 um for the x50
Linnik with the apertue diaphragmcloseddown.

3.3. Optimized WLSI measurements of MOEMS

Having demonstratedhe presenceof edge artifacts
leadingto too high measued widths, and studiedsome
of the different optical conditions for reducing these
effects, the MOEMS was re-measwed using the x10
Linnik objective with the apertue diaphragmstopped
down. The results(Fig. 4) showa big improvementthe
narmow structuesappearingharower, the edgepositions
of stepsbeing closerto their true positionsand micron
wide structues not having the missing points. Using
shorteraveragewavelengthlight would haveimproved
theseresults further but this was not possibleon the
Leitz microscope.

4. Discussion and conclusions

Three-dimensionalmeasuement of a MOEMS FT
spectometer using a standad configuration of WLSI
has revealedthe presenceof an edge artifact, making
stepedgesappearto be up to 3 wm further away from
whetre they really are and narow structues appearing
to be up to 6 pm wide. The origin of this problem
appeargo be dueto the presenceof ‘ghost’ fringesnear
to the edge of step discontinuities,leading to a false
detectionof the position of the edge.

Analysis of the width of a comb tooth structue with
different objectives under different optical conditions
hasshownthat smaller more accuratewidths are meas-
ured when using the Linnik objectivewith the apertue

200 pm

Fig. 4. Improved measuementsof MOEMS spectometerusingmod-
ified CPM-x10Linnik objectivewith apertue diaphragncloseddown
in white light.

diaphragmclosed down, and at shorter wavelengths.
The Mirau objectivesat longer wavelengthdeadto the

greatesterrors, which cannotbe greatly reducedby the

optical meansemployedin this work. The fact that the

results are improved when the apertue diaphragmis

closeddown suggestghat the artifactis linked not just

to diffraction effects, but also to the use of conical

illumination of the samplesStoppingdownthe apertue

diaphragmreducesthe angle of the illumination cone,
and reducesthe artifact. In the case of the Mirau

objectivesthe ability to reducethe artifactis limited by

the fact that the cone angle cannotbe reducedgreatly

due to the presenceof the reference mirror along the

line of sight [5].

It should be noted that the measuementimprove-
mentsreportedare due solely to modificationsin the
optical systemin the caseof standad fringe envelope
algorithmsand that submicon steplocation precisions
could be achievedusing lateral calibration[8].

Furtherwork is beingcarriedout to betterunderstand
the origin of this artifact and to further improve the
lateral measuement precision of the WLSI systemin



the caseof three-dimensionatneasuementof stepsand
micron wide structuesthatare tensof micronsin height.
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