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. PERFORMANCE TESTS FOR AUTOMATIC ELLiPSéMETERS
‘R. H. Muller and H. J. Mathieu
.Inorganlc ﬁaterlals Research Division, Lawren;é Bérkeley Laboratory
and Department of Chemical Engineering; Unlver31ty of Callfornla
: Berkeley, California 94720
ABSTRACT
Methods to quantitatively determine the dynamic response of
automatic ellipsometers to vafiatiohs in the opt;ééliproperties of a
' spécimen‘ha?e been. developed and are illustrated;Bdeata from a newly-
built ellipéb@eter.' The quantities determinéd iﬁéluée sléw—rate,
frequency fésponse, accuracy and resolutioh. ihe métﬁods are based oﬁ
. the use of roféting mirrors for the generation of well-defined, fast

optical changes in the reflecting surface.



I. INTRODUCTION

Automa;ic éllipsometers of differént desiéﬁé.héve recently been
constructed_fof the observation of temporal chapgés on a reflecting
surf;_'u:e,‘l"_,.4 énd thé use of such instruments in iﬁéféasing numbers can
be expected in the.near future. The critical evélugfion of results
obtainea with automatic ellipsometgrs, such as'the =identification of
artefacts, as well as é comparison of_c;pabilitiéé;between instruments
of différentrdesign,s’requires a knowledge of qqéntitétive performance
characteristigs. |

Pardmeters which characterize the capabilities of an automatic

ellipsometer are the maximum rate of change (slew rate) and the maximum

range of change (dynamic range) that can be followed automatically, the

accuraéz and reproducibility of following, the'smaliést variation that

can be resolved (resolution), the specimen areairéqﬁired for reflection

and some-of the multiple interactions between‘thésé.quantities.
In'ofder to represent behavior under conditiéﬁé of practical use,
such performance characteristics should be'detetmined with a reflecting
surface'that changes its optical properties prediéfably over a wide
range of optical properties and rates ofvchangéf 'in the présent work,
the use of a reflecting disk which is rotated éfbﬁnd an axis n;rmal
to its surface, has been introduced for tgis purﬁﬁse. During rotation,
the reflecting surface element traces‘a ring on.ﬁhe disk, and any
variations in optical properties along this riqg $imulate a réflecting

surface of optical properties varying in time.

il



Tests based on this principle can provide quantitative performance
characteristics for automatic ellipsometers'operating”on different working
principles -and with a wide range of capabilitiés under conditions that

closely'repioduce actual use.



II. MIRROR PREPARATION

Different functional relations of relative pHa§e and amplitude witﬁ,
time caﬁ'Be:achieved b& the use of rotating diék-mifrors. Among these
.relations are irregular, gradual, saw-~tooth, s&uafé;wave, single-step
and sinusbidal variations. The latter two casésbhaﬁe been found most
~ useful aﬁdvare feported here. The mirrors have been preparéd'by vacuum
deposition of an épaque~metal substrate, followéd by a thin film coating
of a uniform thickness, on optical-quality roundﬂgiass plates.6

Square-wave (or singleéstep) changes in oétiéal properties have been
producedlby depositing a sharplyvdelineated;coaﬁinévover half of a 76 mﬁ
diamete:(disk (Fig. la). A full rotation_thﬁs'fééﬁlts in a downward and;
an upward step. Sinusoidal changes have been obtained with bultiple
segments of width comparable to the area sampled by the light beam (Fig. lb)
The coatlng materlal has been evaporated through a mask with precisely
cut multiple openings held in good contact with~the_substrate. Flgure
2 shows 6né qf the test mirrors in use. Data oﬂféﬁﬁstrate and coéting

deposité emp1oyed are given in Table I.
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III. ELLIPSOMETER ARRANGEMENT

Our test procedureé are illustrated by respltg obtained with a newly-built
compenéating automatic ellipsometer7 of designfsiﬁilar to that described by
Layer.4 The optical components are arrangedbfgf eiliptic éolarization incident
on the s?ecimen,and a quarter-wave plate of fi#éd;+45° azimuth is
uséd.8 Faraday cells, inserted between bolariéer'and compensator as
well as between specimen and analyzer, are emploYed,to eleétricallf
rotate the plane of polarization over the dyngﬁic range to either.side
of the>ﬁé§h§nically éstablished azimuths of pbléfiZer and analyzer
prisms;:‘Analyzer and polarizer azimuth re;diﬁgs ?jand p at coﬁpensation
are obtained by adding the electrical "angle réadings" A and P to the
manualiy eétablished aéimuth angles a and pm.of énalyzer and polarizer

prisms.

a=A+ am ' _ _ ' | ¢9)

P+p - o L - (2)

p

With ideal_optical components, the change in felé@ive phase A and the
amplitude parameter Y of the reflection as de;efmiﬁed.in one zone are
| A = 270°-2p ‘ : ' | (3)

Y =a . . W

f

The angle of incidence was 75°, the light"beém'was of rectangular

cross-section, 1X3 mm, and resulted in an area of approximately 4X3 mm

being sampled on the reflecting surface.
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IV. RESPONSE TO STEP-WISE CHANGES

An important characteristic of an automatié;ellipsometer is its

)

response to a discontinuous (or very fast) change in the optlcal
parameters to be measured. Properties that can, be determlned from the v
response inelude the slew-rate, any possible overshoot, the symmetry of
response in upward and downward direction and the influence of step height-
on . the reéponse.
Although sharp boundaries on the mirror can reiatlvely ea31ly be

produced by vapor dep031tlon, the finite width of the llght beam results
in a more gradual ‘change in the measurement. For a given rate of rotatlon;
the fastest change is obtained by orienting the,step of the deposit in a
radial d1rect10n and minimizing the extent of the sampled area normal to
the stepfprhus, at 300 rpm an ideally sharp step on a 32 mm radius moves
through,a'4'mm wide sampling'area in 4 ms. |

| The accuracy of dynamic response for a givehhetep-height is obtained
by comparison with static measurements, (which agteelwith manual measurements)
(Fig. 3); 'The test is condueted by observing the;output_of the instrument
at differeht3rotation rates of the mirror (Fig.fﬁ).h'At increased fates of
rotation,'the slope of the step is limited by_the‘eapabilities of the
instrument.end deviates from the slope expectedton;the basis of static
measuremenrs (Fig. 5). Thus, a limiting slew—rete.(maximum rate of :_ -
rotation of polarizer and analyzer azimuths) of 1.6°/ms has been estdbllshed

for our ellipsometer.
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V. RESPONSE TO SINUSOIDAL CﬂAﬁGES
Anvalternate way tb characterize an aﬁtomaticpellipsometer consists
in the frequency response of the iﬁstrument to #inﬁsoidal'variations
in the-érobefties-of the reflecting surface. | |
A rqtating mirror surface with qptical pro'[":é;:tv:vies varying in a

sinusoidal way could be approximated by vapor deﬁoSition with diffuse

.edges."Ih*order for the light beam to sample éAfeSOnably7uniform

‘ reflecting surfacé, each oscillation period on the mirror would have

to be ge?e;al times asrwide as the sampled éréa;_aﬁd high-frequency
OScillaqioﬁs would be difficult to achieve.: In;tead, we have employed

a iotatipg‘mirror with sharply delineated glfefﬁ;té deposits, illustrated
in Fig.iib,.which are qﬁite easily produced and:érqvide the desired
fréqueﬁciéé‘with manageable mirror diameters_and2f§tation rates. With
the individual mirror segmehts just slightly wider than the area

sampled by the light beam, the mixed polariiatién,‘that results.

from réfléction on.two different materials dﬁring'épst of a cycle,

produces an approximately sinusoidal variation in analyzer and polarizer

_azi_muth.:-LO Accuracy of tracking for slow variatiéns is again demonstrated

by the agreement with static meaéurements (Fig._é).

| With increasing frequehcy of the,sinusbidal signal,.the amblitude
reSponse.of the instrument decfeases (Fig. 6). fThg'frequency at which
a partial réqunse sets in depends Qn the magnitﬁ&éfﬁf the amplitude,
as.illustrated in Fig. 7. Thus, a 3.6° peak tdlﬁéék signal has been found
.t° bé féco:ded at ffequencies ﬁp to 160 Hz. Oé;iiiétions of amplitude
greater théﬁ the_dynamic range of thé instrumentvtpresently 51° for A

and 55° for P) are tracked at higher frequencies with reduced amplitude,



VI. - ACCURACY
Ih»éddition to closely reproducing static-méaSurements, taken
immediafély'beforé or after a dynamic measureméﬁtgénd demonstrated in
Figs. 3, 4 and 6, an automatic ellipsometer shdﬁ}dtghow no long-term
drifts as may be due to variable conditions of:tﬁé‘éurroundings, wérm

z

up and aéing of components, etc.

In our instruﬁent, such drifts could easily be detected by comparing

a manuallwith an automatic measurement on a;spééimgn, that does

not change its properties during the measurémeﬁﬁéll.Drifts thus observed
over a ﬁwbémonth period haQe been less than;to,ﬁifiin azimuth readings
'of‘polafiéer and analyzer. For other instruﬁeﬁts‘it may be necessary.
to use a.fefleéting surface with long—term‘sta.bility11 to conduct

such teéts.

Anothér.factor that determines accuracy is;tﬁe-cross~modulation
between'ahalyzer and polarizér channels. Automafie ellipsometers of
different designs differ greatly in the suscepﬁibiiity to this potential
‘source of:error. . For our instrument, the cross;mpﬁulation could be
determined with a stationary reflecting surfacé\by[dbserving the output

of one chanhel (e.g., analyzer) while the outpgtvof the other channel

(e.g., polarizer) was varied over the entire dynami¢ range by the
mechanical rotation of one of the prisms (e.g.,vpolérizer). Thus,
azimuth changes of 5° and 50° in one channel h&vgibéen found to affect

the otheﬁvéhannel by less than +0.002° and-iO;OQf;'fespectively.




F
{
.
Rusenn
pon
Brgstralt
r'a
-4
3

kb S
A R I 5
~9-

VII. RESOLUTION

Theféﬁallest short—tefm variation in the.opﬁical.properties of a
reflecting surfaée that can be resolved_by an éliipsometer is usually
limited,by;hoise in the electric circuit, For'méﬁyﬁaﬁtomatic-ellipsometer
configﬁtations, resolution can be;incréased at £he£éxpense of speed of
' reséonse; .it is therefore of iﬁférest_to extabiiSﬁito what extent the
reéclutiqh éan be increased and how such an in@iéasé affects the transient
capabilitiés. For the present instrument, this reiationship is illustrated .
in Figs. 8—10. Figure 8 shows how increasing thé'time—constant from the
normal vaiug'df about 1 ms changes the resp;ns§ ;é:a step-wise signal.
The improvement in resolutioh that can be obtaiﬁéd By slower operation
is summarized in Fig. 9. ¥For example, with a gfﬁé?@énstant of 0.1 s,
changes in analyzer and polarizer azimuth of O.QOO%° can be resolved on
a singlé step mirror rotating at less than 2 rp@.' The sléw—rate‘for
response to a step-wise chaﬁge is then_0.33°/s._ Aé a further characteri-
zation bf_ﬁhe effect of ingegration time; the ffééﬁéncy response in
different.siow modes of operation is given in Fig;,io; With a time
‘constanf ofufl.O“2 s, a peak to peak signal of 0.2?5 £§ fully recorded
at frequeﬁgies up to 30 Hz. Below 0.Ql°, the rééélﬁtion of the mechanical
polarizer and analyzer circles, azimuth_feadingé caﬁ only Be interpreted

as differences relative to other observations.
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- VIII. CONCLUSIbNS_
The‘gse of rotating mirrors offers a COnﬁénient.way to characterizev
'the'restnse of an automatic ellipsometer to ébéﬁg?s in relative phase
and amblitude as a function of time.  Since thé»éﬁanges originate in
the reflééﬁing surface, the measurements'fepresent‘the response of
the entire éutomatic system. ‘Widely different fe;ﬁonse times and
dynamic.-ranges can easily be acéommodated. :

Apar; from the presentl&éused variation in]rélative phase and
aﬁplitudé;vfhe effect of other variables of a ?efleéting surface
(e.g., reflectivity or surface roﬁghness) o; thégrgsponse of the
ellipsdme:éf can be investigated. Similarlf, :éféﬁing mirror surfaces
may bevuséful for characterizing the dynamic response of reflection
spectrbscopic instruments, including spectroscopic ellipsometers.

As withvany servo-system, the response of qﬁf‘;utomatic ellipsometer
depends.oﬁ.all the factors that affect the gaiﬁ:infthe electronic
controlfloop. The principal factors are photoﬁultiflier voltageg.
light béaﬁ_diaméter and intensity, reflectivity'énd uniformity of the
reflecting surface. Realistic values for thesévparameters, used in

- practical measurements, have ‘been employed for the tests reported here.



-" N 1 ] K4 £ 3 . . B
RS I A S oA D
-11-

* ACKNOWLEDGEMENTS:
This work was conducted under thevauspicesqu the U. S. Atomic Energy
Commission;. The second author wishes to thank'the'Deutsche

- Forschungsgemeinschaft fof financial suﬁport.



10.

11.

12.

13.

-12—
REFERENCES

H. Takésaki, Appl. Opt. 5, 759 (1966).

J. IVL,F‘Ord and B.'L. Wills, Appl. Opt. 6, 1673__.5'(1967).

B. D. Cahan and R. F. Spanier, Surf. Sci. ‘;g,'“_ieﬁ (1969) .
H. P. Layer, Surf. sei. 16, 177 (1969). o

R. H. Mﬁller; in Advances in Electrochemistrz;and Electrochemical

Engineering, Vol. 9, R. H. Muller, ed. (Wiley~lnterscience, New York,
1973), p. 208. S
ParalleJOFplate, 9.5 mm tﬁick, 76.2 and l90,5~mm diameter.

Aqééptéd,for publication by Rev. Sci.lIﬁstf;Q(élso report LBL-1478,

vJuiy 1973).

RefgrenCe 5, P 200

Refereﬁce 5, p. 212.

Dug to the mixed (partial) polariéationof tHévref1ected light,
oniy partial extinction can be obtained at.éﬁmpensatioﬁ. It is a
creéig.to the functioning of the instrument{thé; its response is
not affected by this factor: Based on a SIewffate of 1.6°/ms, one
wouldlgxpect a frequency reSpénse of 142 tO:QZZ.Hz for a 3.6° peak
to peék éignal, depéﬁdiﬁg on vhether the éféépéSt or the average
slope of a sinusoidal vériatioh.is‘considef;dflimiting. rThe
obsnged response was 160 Hz:(Fig. 7). |

Reference 5, p. 215.

Decreased signal amplitudes of mirror No. 4 were produced by increasing

the diameter of the light beam. The reflecting areas sampled were

4%4 to 5%X10 mm.

Additional external filtering of the ellipsométér output with time-

consféht of 0.1 s was employed for curve d. - -



Table I. Properties of rotating mirrors.

. _ " Substrate _ _ With Céating,.v
- Diameter Segméhts: Signal. _Materiél'; Thickness v A Material Thickness Y, A

No. l(mm) . ' o o (nm) - C(nm) - '

1 76.2 2 ~ Step Cr 300 27.64  88.74 |AL0,(+Cr) 86 51.20  30.54

2 . 76.2 2= . Step Ag 200 45.60 86.20 | Au(+Ag) 6.5  44.45 82.84

3 190.5 90 Sinusoid Cr 300 25.28 88.40 | AL, 0,(+Cr) 70 74.08 339.00%
4 190.5 90 Sinusoid Ag 200 44.85 81.16 | Au(+Ag) 10 41.39  76.32

5 . 190.5 90 Sinusoid cr 300 26.47 89.92 [AL0,(+Cr) 20 34,12  62.64

Note: A and Y determined with Eqs, (3) and (4) from measurements in one zone.

*A = 630°-2p




Fig. 1.

Fig. 2.

(a) Disk for step-wise variations.

=14~

FIGURE CAPTIONS
Rotating disk mirrors for producing‘kho&n”variations in
relative phase and amplitude of refle¢tiné.light;

v

A - substrate, B -~ coating, C - area éambled by light beam.

(b) Disk for sinusoidal variations.

Rotating disk mirror (No. 3) positioﬁéd{ih_ahtomatic ellipsometer.

A - Polarizer circle

. D.

Fig. 3.

Fig. 4.

Fig. 5.

ZXAnalyzer, step height 1.15°, mirror N@;JZ

"B

~ Polarizer Faraday cellj
‘"Cij Compensator circle

Disk mirror with drive motor
E - Analyzer Faraday cell
: Light propagation from A to E. ’
ﬁyﬁamic and static fequnse to a steb;ﬁiéé5variation in
polarizer and analyzer azimuth. Mirrq¥ §6g 1, 300 rpm,
By = 105, 8 = 35
Response to an ihcreasingly fast stepfbisé' variation in polarizer
aziﬁuth. Mirror No. 1, P, = iOBf :-Pbints.indicate static
,measufements, lines indicate dynamic méasq#emént at‘(a) 67 rpm,

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

Determination of the slew-rate as thefliﬁiting slope of the

response to a step-wise variation (upward ‘and downward) of polarizer

and analyzer azimuth.

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

Polarizer,.step height 30°, mirror Ndl.ih;

[Jpolarizer, step height 1.8°, mirror No. 2




Fig. 6.

Fig. 7.

- (b)  Analyzer, mirror No. 3

-Response to an increasingly fast sinusoidal variation in

analyzer azimuth. Mirror No. 3, am=¥45€ Points indicate

static measurements, lines indicate dynamic measurements at

 (a)'13 rpm, (b) 45 rpm, (c) 204 rpm;: "‘

“Peak-to-peak amplitude response to sinusoidal variations in

polarizer and analyzer azimuth of different emplitude.

(a) Analyzer, mirror No. 3

- (¢) Analyzer, mirror No. 3

(@) | Polarizer, mirror No. 5

(e) Analyzer, mirror No. 5

- (f) Analyzer, mirror No. 4

Fig. 8.

~(e) 5%10°

Fig. 9.

Fig. 10.

Effect of time-constant on the response to a stép—wise'variation

in polarizer azimuth. Rotation rate 60 rﬁm, mirror No. 1,

350 ) 2x1073s,

pm'= 104°. Time-constants: (a) 1X10.

35, (@) 1x107%s, (e) 5x107%s.

Dependence of resolution and slew-rate for polarizer and

analyzer azimuth on the time—constant“bf the circuit., Mirror
No. 1, 300 rpm and mirror No. 2, 1.3 rpm.
Slow-mode peak~to-peak amplitude réspohse'to sinusoidal

variations in analyzer azimuth of difféxént frequency

(mirror No. 4).12 Time~-constants: (5) 10_33, (b) 10_23,

) 107 %s, (a) 1071s.13
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. Rotation rate (rpm) ,,
| 0 100 1000 (Mirror No.2)
| 1 10 . 100 I000(Mirror No.l)
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(deg/ms)

O.l

00l

Observed slope

0.00l . 0.0l X 0 10
| True slope (deg/ms) o

XBL737 -3609

. Fig. 5
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