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PERFORMANCE TESTS FOR AUTOMATIC ELLIPSOMETERS 

R. H.Muller and H. J. Mathieu -

Inorganic }raterials Research -Division, Lawrence Der.keley Laboratory 
and Department of, Chemical Eilgineering i University of California 

Berkeley, Ca·lifornia 94720. 

ABSTRACT 

Methodstci quantitatively determine the dynamIc response of 

auto'matic ellipsometers to varia.tions in the optical properties of a 

specimen have, been developed and are illustrated by data from a newly..., 

built ellipsometer. The methods are based on the ~ge of rotating mirrors 

for the generation ofwell~defined, fast-optical changes in the reflecting 

surface. 
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I • INTRODUCTION.' 

Automatic ell'ip~Om:eters ~f different:designshave recently been 

constructed. for the observation of, temporal 

.' 1 4 
su;-face, . - . and the· use of such instrumEmts 

changes on a reflecting 

in increasing numbers can 

be expected in the near future~Thecritical evaluation~fresults 

obtained with automatic ellip~ometers, such as the identificationof 

artefacts, '. as wellas'acomparisC1n of capabilities' pe~ween instruments 
.. 

ofdifferent'design~5 requires.a knowledge of quantitcttiveperformance 

characteristics. . ; .... 

. .'. 

Parameters which characterize the capabilities. of an automatic 

changEi (slew~ate) and the. maximum . 

range of change (dynamic range) that can befollo~ed automatically J" the 
.' . 

accuracy and reproducibility of follbwing~'the'smal1~st'variation that 
. . . 

can be resolv,ed (resolution),' the .specimen are'a re'~uired fort~flection 
.' . -.- ., : 

and some of the mUltiple interactions between thesequant:lties. . ..... 

The determination of such performance charactet:'1sticsshould be 

simple J applicable to instruments operating on dfff~rentWqrkingprinciples J 

accOmmodate a wide range of capabilities, and .closely .r'epr<;,duce the 

practical use of ellipsometers. 
I. '. 

In th'epreseritwork, the above requirementsh'avelargelybeen 

satisfied by introducing knoWn, fast changes in the optical properties 

of a. specimen surface.' The changes are produced by use of a reflecting 

disk which is rotated around an axis normal to its, surface. 

During rotation, the reflecting surface elem.enttraqes a ring on the 
. . 

disk, and any variations in optical properties along this .ring simulate 

a reflecting surface of optical properties varying' in time. 
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II. ELLIPSOMETER ARRANGEMENT 

All measurements have been conducted with a newly-built compensating 

" 6 4 
automatic ellipsometer of design similar to that described by'Layer. 

,The optical ,components are arranged for elliptic.polarization incident 

on the specimen and a quarter-:wave plate of fixed +45 0 azimuth is 

7 used. Faraday cells, inserted between polarizer and compensator as ' 

well as between specimen and analyzer are employed to electrically 

rotate the plane of polarization over the dynamic range to either side 

of the mechanically established azimuths of polarizer and analyser 

prisms. Analyzer and polarizer azimuth readings a and p at compensation 

are obtained by adding the electrical "angle readings" A and P to the 
, . 

manually established azimuth angles am and Pm of analyzer and polarizer 

pr 151IlS. 

a = A + a 
m 

p = P +,p 
m' 

(1) 

(2) 

,\-JHh ideal optical components ,the change in relative phase f1 and the 

amplitude parameter tjJ of the reflection as determined in one zone are8 

(3) 

,1jJ = a 

The angle of incidence was 75°, the lightbearri H:lS of rectangular 

cross-section, IX3 nun" and resulted in an area of approximately 4x 3 mm 

being sampled on the reflecting surface. 



-4-

. In •. MIRROR PREPARATION 
.;: "" 

Different functional relationsM relativepha~eand amplitude 
. - "" . ," '.'., :- ", . / ... '.: '. . 

with time ,can be achieved by the use' of rotatingdi,sK .. mirrors ~. Among 
. . 

these relations are irregular, gradual; . saw-tooth, square-wave, single-
.; . '.' . 

step and sinusoidal variations. The latter twocases'havebeen found 

most useful and are reported here.' The mirrors have been prepared by 

'. ..... '9 
vacuum deposition on optical-quali~yrourtd glass plates ~··Opaque metal 

.. substrate":films have 'been coated partiallyw!tha' second thIn filui of' 
l.. '. ',' 

uniform thickness. 
. . ,-

Square-wav~ (or single-step): changes in opti<::aiprop~rti~s have' 

beenprod\1ced by depositillga sharply del:ineated<coating ov~rhalf'of 
.' ". . 

a 76 mm diameter disk (Fig~ 1a) .. Afl,I11 ·rotaticin,'i:hus re~ults in a 

downward and a~ upward step. . Si~usoidalchangesI:i.av~been ob,taitled 

with m~ltiple segments of width c01Jlpa~~ble to thea'l:e~sample~ by the. 
.' ' '. ," 

light beam (Fig .: Ib). After deposition of an op~que sl.1bstrate layer, 

the coating material has been evaporated through~,mask with precisely 

cut multiple openings held iil good .contactwith~he~ubstrate. Figure 

2 shows one of the test mirrors inuse.pata 'onsuhstra'teand ,coating 

deposits employed are given in Table 1. 

,,;. ," 

.\ 

-. 
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IV. (SINGLE) STEP RESPONSE " 

An important characteristic of an automatic ellipsometer is its 

response tO,a'discontinuous (or very fast) change in the,opticaJ,. parameters 

to be measured. Properties that can be determined from the response include 

the slew-rate, any possible overshoot, the symmetry of response in upward 

and downward direction and the influence of step height on the response. 

Although sharp boundaries on the mirror can relatively easily be 

produced by vapor deposition, the finite width of the light beam results 

in a more gradual change in the measurement. Limitations in the response 

of the, instrument further decrease the slope of the's tep. For a given 

rate of 'rotation, the fastest change is obtained by orienting the step 

of the deposit in a radial direction and minimizing the extent of the 

salnpled area normal to the step. Thus, at 300 i'pm an ideally sharp step 

Oil a 32 nUll radius moves through a 4 mm wide sampling area in4 ms. 

The test for response to step-wise changes is conducted by observing 

the output of the instrument at different rotation rates of the mirror. 

Th~ accuracy of dynamic response for 11 given step-height is obtained 

by comparison with static measurements, (which agree with manual 

measurements) (Fig. 3). At increased rates of rotation, the slope of the 

step is limited by the capabilities of the instrument ,{Fig. 4) and 

deviates from the slope expected on the basis of static measurements. 

Thus, a limiting slew-rate (maximum rate of rotatio,n of pola;-izer 

and analyzet azimuths) of 1.6°/ms is established i~Fig.5. 
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. V. SINUSOIDAL RESPONSE .', 

An ~Iternate way' to ~ha:ract~ri~e an a'utoma'Uc:'elHpsorneterconsists ' 
... :' .... . '.' -'", ... " .'.. . ",' ...... ,' 

iri·the freq~ency'response of the'instrument: tosi~u~oidal variations 
'. 

in the properties of the teflectingsurfa:ce. 

A rotating mirror surface with optisalpropertfes varying in a 

sinusoidal way could be approximated by vapor dep,dsit.ion with diffuse 
. :.... . "-

edges. In order for the light beam tosamplca a >re~on~bly uniform.' 

r~flectingsurface,eachosciilationperiod'on the mirror would have 

. to be several times as .wideasthe sCijDpled'area,"arid high-frequency 

oscillations would be difficUlt to achieve. Instead. we have employed 

a rot:ating mirror with sharply dEdipeated alternate deposits, illustrated 

in Fig. lb,which are quite e~si1y produced. an,dpr,6yide thf::!desired . 
. " '. .' . 

frequencies with manageable mtrror diameters and .rot~tion rateS. With 

theindividtial.mirror segments Just slightlywider,th~nthe area' 

sampled by the'light beamj.the mixed polarization, that results 

from reflection on two differerit materials durin~;rnostof a cycle, 

produces an approxiniatelY~inusoidal variationin'an~iyzerandpolatizer 
-' ,,' - .' . . .. '. . ". , .' . 

aiimuth ,10 Accurac'y of tracking for slow variations is again demdnstrated ~ 

by theagreeIn~ntwith .staticmeasurements (Fig.' 6),. 

With increasing frequency . of the s1.nusoldal,sigD.al',' the amp'l1tude 

response of theinstrwnent decreases (Fig. 6) ... ·The frequency at which 

a partial response sets in depends on the magnitude of the amplitude, .' 

·'asillustr~tedinFig.7 . Thus, a 3. 6 0 peak to p'eak slgnalis ,fully.·.··.·· 
< • ". • - • 

. . ' 
. ." . . . 

r~c6rded at frequericies up to 160Hz~ Oscillations of amplitude greater 

I 

tha'n the dynamic range of the instrument (presently 51 ° for A and 55
0 

for P) are tracked at higher frequencies withredticed, am~litude. 

.' 

,.j 
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VI • ACcuRACY 

In addition to closely reproducing staticme?surements, taken 

immediately before or after adynamic measurement and demonstrated in 

Figs. 3; 4 and 6, an automatic 'ellipsometer should, show no long-term 

drifts a~ maybe due to variable conditions ofthe.~urroundings, warm 

up and aging of components, etc. 

In our instrument" such drifts could easily be detected by comparing 

a manual with an automatic measurement on a's~eci.meri, that does 

'not change its properties during the meaS'!lrement,s., Drifts thus observed 

over a two-month period have been less than to.Oloin azimuth readings 

of polarizer and analyzer. 'For other instruments ,it may be necessary 

11 to use a reflecting surface with long~term stability to conduct 

such tests. 

'Another factor that deteonines accuracy is the ,cross-modulation 

between'analyzer and polarizer channels. ,Automatic ellipsometers of 

different'designs differ greatly in the susceptibility to this potential 

source of error. For our instrument, the cross-moduiation could be 

determined with a stationary reflecting surface by observing the output 

of, one channel (e. g • , analyzer) while the output of the other channel 

(e.g., polarizer) was varied over the entire dynainic range by the 

mechanical rotation of one of the prisms (e.g., polarizer). Thus, 

azimuth changes of 5° and 50° in one channel have been found to affect 

the other channel by less than' ±O.002° and ±0.02Q~ respectively. 
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, VIL RESOLUTION, 

The sniallest; shol." t"; term variation inth,e ,o~tid~l t:lroperties of a 

reflecting surface, that can., be resolved is limited by noise in the" 
..' . ,,': ", 

electronic~ircuit~ In our instrUment, resolution ,c:an be increased' 

at the, expenseo{,resPoIlse time b;increaslng' tim~co'nst~mts from the 
" . ' " . , 

normal value of about 1 IIis·.figt1r~8 iliustratest'he effect of increased 

t.ime consta~~s on a step-wise signal. 'Thegainihr~solu~ionduet~ 
" , . 

. slower o~er~tiOri is illustrated in Fig. 9. With: a:'tlineconst~ntof 

O.ls,changes in analyzer and pol,arizer azimuth'of Q.0007° ,can be 

resolved ana single step mirr'or rotating atlesst1lau 2 rpm. The 

slew-rate for response to a st~p~wisechange is'then 0.33·1s~ The 

frequency response in different slow modes of operation is, given in 

FLg. 10. 
. '., . " ... ' . ...,2 

With atbne constant of las, a signal of. 0.220 peak to peak 

b, fuI'ly recorded at frequenci~!1::1 up to 30Hz. Below o.oi" ,theresolution 

of. the mechanical polarizer anJanalyzer~ircles, azimuth readings 

can only be, interpreted as differences relative to other observations. 
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VIII. CONCLUSIONS 

'The use of rotating mirrors.9ffers.3 convenient Hay to characterize 

the response of an automatic ellipsometer to changes in relative phase 

and amplitude as' a function of title • Since the'chauges originate in 

the reflecting surface, themea~urements represent .the response of 

the entire automatic system.' Widely different response times and 

dynamic ranges can easily be accommodated. 

Apart from the presently-used variation in ,relative phase and 

amplitude, the effect of other variables of a reflecting surface 

(e.g~, reflectivity or surface roughness) on the r?sponse of the 

ellipsometer can be investigated. Similarly, rotating mirror surfaces 

may be useful for characterizing the dynamic response of reflection 

spectroscopic instruments,'including spectroscopicellipsometers. 

As with any servo-system, the response ·of our automatic ellipsometer 

depends on all the [actors that affect the gain in the electronic 
., . " . . :,,: -,.,_., . 

control-loop. The principal factors are photomUltiplier voltage, 

light beam diameter and intensity, reflectivity and uniformity of the 

reflecting surface. Reasonable values for thesepar~~eters have been 

employed for the tests reported here. 
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, , Diameter Segments' "Signal 
No. (mm) 

1 76.2 ' 2 .step 

2, ' 76.2 2 Step 

3 190.5 90 Sin.usoid 

,4 190.5 ,90 ' Sinusoid 

5 190.5 ' 90 Sinusoid 

Table I. Properties of rotatirig mirrors ~ 

Wi t h Coa ting Substrate 

Material·Thickness "W ' 
(nm) 

tx Mat~ria1 Thickness lP'" " t:. 

I' , " ,Cr 300 

Ag 200 

Cr 300 

Ag 200 

, Cr 300 ' 

" 27.64 88.74 I A1203(+C.~) 

45.60 " ~6. 20 Au (+Ag) 

25.28 88~40 A1
2
0)(+Cr} , 

44.85 , 81.16 IAu(+Ag) 

24.47 ·'89.92' IA1203 (+Ct) 

, (nni) 

86 

6.5 

io 

10 

",2O 

" 51020 '30.54" 

44.,45 "82.84 

,7 4'~08, 339. 00* 

41. 39 76.32, 

34~ 12 ,62; 64, 

Note: t:. andlP determined withEqs~ (3),and (4)'from measuremeIitsin.one zone •• *' , ' ", .. 
tx = 6300 -2p 

, , "",". :c.'" ".t::." 

.' ", .~ 

.' 
", 

J .... 
N 

,.I 
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FIGURE CAPTIONS' 

Fig. L Rotating disk mirrors for producing knotvn variations in" 

relative :phase and amplitude of reflecting light. 

A -substrate,'B:";"coating" C-area sampled by light beam. 
, ., 

(a) Disk for step-wise variations. 

(b) Disk for sinusoidal variations. 

Fig. 2. Rbtating disk mirror (No.3) positioned in ,automatic ellipsometer~ 

A -Polarizer cirele 

~ - Polarizer ~araday cell 

C - Compensatorcitcle 

D ' .• Disk mirror with drive motor 

,E. -Analyzer Faraday cell 

Light propagation from A to E. 

Fig. 3. Dynamic and static respunse to a step-wise variation in 

polarizer and analyzer azimuth. Mirror No.1. 300 rpm 

p. = 105°, a .,. 3,5~ 
m '. m 

Fig. 4. Response to an increasingly fast step-wise variation in,polarizer 

Fig. 5. 

"azimuth. Mirror No • 1, p = 108°. Points indicate static , ',n 

measurements, lines indicate dynamic neasurement at (a) 67 rpm, 

(b) 275 rpm, (c) 650 rpm. 

D,etermination of the slew-rate as the limiting slope of the 

• response to a step-wise variation (up~.,ardand, downward) of polarizer 

and analyzer azimuth. 

~Analyzer , step height 20° , mirror No. 1 

6Analyzer, step height ,1.ISo, mirror ~Io . 2 

.Polarizer, step height 30°, mirror No. 1 

DPolarizer, step height 1. 8° , mirror No. 2 
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Fig. 6. Response to an increasingly fast sinusoidal variation ill 

ap.alyzer azimuth .. Mirror No. ),a
m 
=45~",P~oints indicate 

static measurements,' ··linesindica te" dynamic:lneasureme~ts at 

(a)13 rpm, (b) 45 rpm, (cl 2<l4 rpm. 

" . 

Fig. 7.Peak:-to-peak amplitude response to sinusoidal variations.in 

I 
polarizer and 'analyzer azimuthofdiffererttemplitude. 

, ' 

(~) AIialyzer, . mirror No . ') 

(b) .Analyzer, 'mirror No~ 3' 

(e) Analyzer, mirror. No. 3 

(d) Polarizer~ ,mirror No. S 

(e) Analyzer; mirror No. S 

(f) . Analyzer, mirror No. 4 
,':,: >; 

" 

Fig. 8~ Eff~ct of timeconstant~n the responseto'astep-'wise variation 

inpolar1zer azimuth. Rotation rate 60 rpm, mirrorNo. 1, 
. . 

Pm = 1040
• Time constants: (a) 1><10-3 s ,(b) 2xlO-3s, . 

" '. -3 .' -2 ··:-2 
(c)·· 5x IO s'., (d) lXlO s,' (e)SXIO ,s ~ 

. . .' . 

~'ig. 9. Dependence of resolut1onand slewo-rate for 'polarizerand·. 
. ' 

analyzer azimuth on. the, time constant of·;the.:circuit. Mirror 

No.1, 300 rpm arid mirror No. 2 J 1. 3 rpm.·· 

Fig. 10. SlOW-mode peak-to-peakamplitude resport.!;le 'to .sinusoida1· 
. ,',. . 

variations in ancilyzer aiimuth of d:f.fferentfrequency 

" " Ii ' .'. .,..3', -2' 
(mirrpr No.4). . Time constants: (a) '10' B"Cb) 10 s, 

(c)IO-ls, (d)lO-ls.13' 
I', 

i 

"' .. -',: 
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r-----------------LEGALNOTICE-------------------, 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 
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