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o PERFORMANCE TESTS FOR AUTO"IATIC ELLIPSOMETERS
v '. ‘R. H Muller and H J Nathleu
Inorganio Materials Resear<h Div1sxon; Lawrenne Berkeley Laboratory
and Department of Chcmical Engineering; Univerbity of Lalitornia
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| ABSTRACT |
Methods to quantltatively determlne the dyﬁémic résponse of
‘,automatic ellipsometers to varlations in the optical propertles of a
'1:spécimen_have{been developed and are illustratedvby'qata from a:newly—’
built eiiipsdﬁeter.l The'meth@ds aré‘baséd on.tﬁéiﬁéeléf’rdta;ipg @i;rors
for the generation of‘wéllfdefined,'fast/d?tiéal §h;nges in ﬁhe reflecting.

surface.



a I;j INTRODUCTION
Automatic ellipsometers of different designs have recently been
7 constructed for the observation of temporal changes on a reflecting
“surface,;fé and the uge of such instruments in increasing numbers can
: be expected in the near future.; The critical evaluation of" results
E obtained with automatic ellipsometers, such as the identification of_‘
;‘artefacts, ‘as well as a comparison of capabilities between instruments

of - different design,5 requires a: knowledge of quantitative performance'”

-,'characteristics.’f"H

Parameters which characterize the capabilities of an automatic
ellipaometer are the maximum rate of change (slew rate) and the maximum
rangs of change (dynamic range) that can be followed automatically, the

' accuracy and reproducibility of following, the smallest variation that

"_can be resolved (resolution), the specimen area required for reflection id"

and - some of the multiple interactions between these quantities.

The determination of such performance characteristics should be :

' »simple 'applicable to instruments operating on diffErentumrking principles,

acammodatea,wide range of capabilities, and closely reproduce the‘

practical use of ellipeometers
In the present workﬂ the above requirements have largely been

'satisfied by introducing known, fast changes in the optical properties_ '.

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

_'dlSk which is rotated around an axis normal to its surface

_,During rotation, the reflecting surface element traces'a ring on the

_disk and any variations in optical properties along this ring simulate

a reflecting:surface of optical propertiesvvarying_in,time;
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II. FLLIPSOMETER ARRANGEMENT
All'measuréments héve‘been‘qonducted with.é'héwly4built cdmpensating

automatic’eiiipsometer6'of'désign similéf'to thatVdescribed by'Layer.4

.The.optiéal.COmpdnents,are_érrahged'fbf elliptic@pélarization incident

on‘the specimen and a quarter-wave plate of'fixéd‘+45° azimuth is
used.7 Faraday cells, inserted between polarizér éhd compensator as -
well as between specimen and'anélyzer are‘employed'to_electrically

rotate the plane of polarization over the_dYnamic:range to either sgide

vof the méchaﬁically established.azimuéhs of polafiZer,and analyser

prisms. Analyzer and polarizer ééimuth readiﬁgssajand p at'cdmpensation

are obtained by adding the electrical "angle readiﬁgs" A and P to the

mauuaily established azimuthfangles a and pm of‘analyzer and pdlarizer

prisms,

a= A.+ a . ' 1 '1'i:  i -._ v B ¢))

(]

-]
+
J

p (2)_

ZWithvideal optical components, the éhange in relative phaséfA and the

amplitude parameter Y of the reflection-as deterﬁined in one zone are

A

[

270°-2p T (3)
U =a R 03

The angle of incidence was 75°, the lightﬂbeaﬁ was of fégtangular
cross-section, 1X3 mm,  and resulted in'an area"bfrappfoiimatel?_4x3 mm

being sampled on the reflecting surface.



TV & ¢ 1 MIRROR PREPARATION

v’E; Different functional relatlons of relative phase and amplitudei '1

: w1th time can be achieved by the use “of rotating disk mirrors.: Among

" these relations are irregular, gradual, saw-tooth, square~wave, single~"

step and sinu501dal variations._ The latter two Cases have been found :

most useful and are reported here.‘ The mirrors have,been prepared by
vacuum dep051tion on optical—quality round glass plates.9 Opaque metal
lsubstrate—films have been coated partially with a: second thin film of

. :unlform thickness.

Square—wave (or single-step) changes in optical properties have f
: been produced by depositing a sharply delineated coating over half of
- a 76 mm diameter disk (Fig.:la) f A full rotation thus results in-a.

downward and an upward step binu501dal changes have been obtained

' 'with multiple segments of w1dtu comparable to the area sampled by the

light beam (Fig. lb) : After deoositlon of an opaﬁ

the coating material has been evaporated through a mask w1th precisely

cut multiple openings held in good contact with the substrate.» Figure =

2 shows one of the test mirrors 1n ‘use. - Data on substrate and coating

',;i

deposits employed are given in Table I.
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| IV. (SINGLE) S__TEP'RESIPONS"E YI
An‘important characteristic of .an automatic_eiiipsometer_is,its
"IresponSe1to;asdiscontinuous:(or'very fasti change»inﬁthe'optical»parameters
v.to'he meaSured :Propertiesuthat'can be décéfainéa:fQngthé responseiinclude
.the slew~rate, any possible overshoot che-symmetry'of responsebinrupward
and downward direction and the’ influence of SLEP height on the response.

' Although sharp boundaries on-the mirror . canvrelatlvely easily be
produced by vaporvdepositlon the finite width of the llght beam results
in a more gradual change in the measurement Limitationsviu the response
ofvthe instrument fUrther.decrease'the slope of the'step. ‘For a given
rate of rotation the fastest change is obtalned by orienting the step
of the dep051t in a radial d1rect10n and mlnimlzing(the extent of the
'>sampled area normal to the step.v Thus, at 300 rpm an 1deally sharp step
on a 32 m radlus.moves through a- 4 mm wide sampling area in 4 ms.

The'test'for response'to step-wise_thanges’is;conducted‘by observing
the output_of the instrument_at different rotation'ratesVOf the mirror.
The accuracy of.dynamic response-for a given stepeheiOht 1is obtained

by comparlson with static measurements, (whlch agree wlth manual
‘measurements) (Flg. 3) At 1ncreased rates of rotation, the slooe of the
step is llmlted by the capabilltles of the instrument (Elg. 4) and
’dev1ates from the slope expected on the- basis ot Static measurements.
thus,‘a iimiting slew—rate (maximum rate or.rotation_of'polarizer.

and analyzerhazimuths) of l;6°/ms is.established'ianig.NS;



- | SINUSOIDAL RESPONSE"" o

-

An alternate way to characterize an automatic ellipsometer consrstsT

in the frequency response of the 1nstrument to" sinusoidal variations

N

in the properties of the reflecting surface.'°v'd=.

e A rotatingxmhxorsurface with optical properties varyingv1n a

sinusoidal way could be approx1mated by vapor deposition with diffuse. o
A.edges. In order for the light beam to sample a resonably uniform ;

'_reflecting surface, each oscillation period on the mirror would have fﬁi:

to be several times as wide as the sampled area,;and high—frequency

) oscillations would be difficult to achieve. Instead we have employed‘
| a rotating mirror with sharply delineated alternate deposits, illustrated_ L Lol
| in Fig lb which are quite e351ly produced and provide the desired

frcquencies with manageable mirror diameters and rotation rates.~ With

the individual mirror segments just slightly wider:_han the areav
.sampled by the light beam the mixed polarization,'that results 1_,Tf."v
from reflection on two d1fferent materials during:most of a.cycle,
: produces an approximately 51nu301dal variation 1n analyzer.and polarizer “ } ,f‘ |

10 ' | e
a21muth. Accuracy of tracking ror slow variat10ns 1s again demonstrated

by the. agreement with static measurements (Fig. 6)

With 1ncreasing frequency of the sinusoidal signal the]amplirudedf_

response of the instrument decreases (Fig. 6) 1he~£requency at which'

a partial response sets in depends on the magnitude of the amplitude,;-v . '_' o

AR

" as illustrated 1n Flg 7 Thus, a’ 3 6° peak ‘to. peak 31°nal is fully

| recorded at frequencies -up to 160dz._ Oscillations of amplitude greater

than the dynamic range of the 1nstrument (present‘v Sl for A and 55

“for. P) are tracxed at higher frequenc1es with reduced amplitude.



o
e
e
L
o
T
N
o
g
e
&
£
e,

VI. ACCURACY

'In‘addition.to'closely reproducing]staticimeasurements? taken
.immediatelyIbefbre:orvafter-ardynamic measurement»and demonstrated in

-Figs. 3, 4 and 6, ‘an automatic elllpsometer should show no long-term
‘ ;drifts as may be due to variable conditions of the surroundings, warm
“up and aging of components, etc. |

In our instrument, such drifts could easilyrbe detected by comparing
a manual with an automatic measurement on a- specimen, that does | :
:not'change its properties during‘thevmeasurements.: Drifts thus observed
orer a twofmonth period have been less than t0>019'in azimuth readings
‘of polarizer and analyzer. For other instruments it may be necessary
. ro use a- reflecting surface with long-term stability1; to conduct
SuChrtestSa}.
ifAnother factor that determines accuracy isvtheucross—modulation

betweenlanalyzer:and polarizer-channels._ Automatic ellipsometers.of }‘
different designs differ greatly in the susceptibility to this potential
source of-error. For our instrument .the cross—modulation could be |
determined mith a stationary reflecting surface by'observing the output
ofrone channel (e g., analyzer) while the output of the other channel
(e.8., polarizer) was varied over the entire dynamic range by the _.
d“mechanical rotation of one of the prisms (e g., polarizer) -rThus,b
azimuth changes of 5 and 50 in one channel have been round fo affect

‘the other channel by less than *0. 002° and +0 02 > respectively



- :VII.  RESOLUTION '
' The smallest’short-term variation in the optical properties of a -

_reflectingfsurfacegthat éan,he'resolvedfis limited hv'noiseiin‘the“

*'electronic*circuit; In our instrument,’resolutlon can be 1ncreased

at the expense of response tlme by increasing time constants from the ”

'normal value of about l ms. Figure 8 illustrates the effect of 1ncreased

.time constants on a. step—wise signal The gain 1n resolution due to

bfslower operation 1s illustrated in Fig.LQQ} With a; time constant of o
| 0. 1s, changes in analyzer and polarizer azimuth of 0 0007°_can be

| resolved on’ ‘a single step mirror rotatingvat less than 2 rpm. The
'r.'slew—rate for response to a step-wise change is then 0 33 /s.. The i
jdfreduency‘response in- different slow modes of operation is given in .:;

:L”Flg 10. With a time constant of lO 23, a signal °f 0 22° peak to peak

T

'jns fully recorded at frequencies up to 30 Hz. Below 0 Ol°' thezresolutlon :_;f’

of the mechanical polarizer and analyzer circles, a21muth readlngs

can only be interprcted as differences relative to other observations._gl
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VI[I CONCLUSIONS i
The use of rotatlng mlrrors offers a convenlent way to characterlze
the response of ‘an automatlc elllpsometer to changes 1n relatlve phase

and amplltude as a: function of tlne.; Slnce the chanoes orlglnate in

the reflecting surface,;theVmeasurements repreSent{the responsejof

the entire automatlc system.' widely?differentnresponse times and

':'dynamic' ranges can easily be accommodated

"Apart from the presently—used variation 1n relative phase and

.'amplitude, the effect of other varlables of a reflecting surface

(e. g., reflectiv1ty or surface roughness) on the response of the
ellipsometer can be inVestigated;- Simllarly,'rotating mlrror surfaces
may be useful for characterleing the dynamlc response of reflection
spectroscopic 1nstruments,.including’spectroscopiciellipsometers.'

As with any servo- system, the response of our automatlc 2llipsometer

‘dcpends on all- the factors that affect the galn in the electronlc

‘_control—100p lhe principal factors are photomultlpller voltage

light beam dldmeter and intensity,'reflectivity and unltorrlty ot the

vreflecting,surface. Reasonable values for these pqrameters have been

employed for the tests.reported here,,gﬁ
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Parallelo«plate, 9 5 mm thlck 76 2 and 190 5 mm diameter.

-Due to the mixed (part1al) polarization of the reflected 11ght

‘only partlal extinctioneeen be obtained at,compensation,_ It is a

cfedit:te”the functioning of the instrument that its response is

ﬁot‘affecfed_by this factor: Basedlon*&ﬁslevéfete‘of;l.6°/ms,‘one

would expect a frequency reéponse:of 142 tolZZZfHé.for.a 3.6°dpeak'

‘tovpeak éignal,'depending_on»whethervthe-Steepest or thevavetage

. slope.of!a”sinusoidal variatiqn_ié conSldefed:limiting..'The'

observed response was 160 Hz (Fig. 7).“

‘Reference 5 p- 215.’

'Decreased 51onal amplltu&s of mlrror No. 4 were produced by 1nereasing

the dlameter of the light beam. Thelreflecting areas eampled were

AX4 to,S*lOvmm;

Additional external filtering of'the,ellipsometer:output,with time

~constant of 0.1 s was employed for cufve;d:'
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R L © - Table 41"P:dpertieé of rotating mirrors.

L T : Substrate : _ii‘fzfﬂ< o “ -: . With Coating T
. Diameter - Segments: , Signal | Material ThlckneSSffi"'thq'ae“Af; | Material Thickness Yo Ao
No. o cQam) oo T o Q f5ﬁ  &m) - ,Z fT;’ ; .}:_”1Qﬁ o mm) g .

1 i”76;2: '2 2 __“ ',Step_  ';.i Cff':t':'  300;3“-f’2?.6ﬁ:-_88{74ljiA1 0 (+Cr)f_fb86v “ '{51;2§f1?30554},;1 115
20762 2 step . | Ag 1]:¢f;_izoo f}f]f4SL5oe}:86{2o  'Au(+Ag) 6.5 44,45 - B2.84

3 190.5 figq;'t * Sinusoid - f‘iCri,y_r:_fraboi_,f 125v28 ’58ai4o {fAl 0 (+Cr)f:h;70 ‘-_ ,;79}Q8'Jj39;Qd;jk»,-?“

5

40 190.5 E '--*96A**_A Siﬁﬁséid; = -Agfu*f’ff 200 1' -[44 85_3 81 .16 }Au(+Ag) .,f'] 10 ?._;;’41439?;;75;325;;‘

5. 1905 e;90:27w§f3iﬁué61d |oee 00 24 47 89 92}£fA1§03(+¢?5 U200 3412 62:64

'Y"FIZ'I‘—‘ o

Note A and w decermined with Eqs. K;);aﬁd‘(4}ffrbm méasurementsj1h_Oné zoné}gv

* .
4 = 630° 2p '
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V;FlGﬁRE CAéTIONs’e
‘-’Fig. l;;lRotating‘dlskvmirrors for produc1ng known varlations 1n S
bi'relatlve phase and amplitude of reflecting light = o
A —bsubstrate, ‘B~ -,coatlng, C - area sampled by llght beam
(al Disk for step—wise variations. S =
(b) blsk for sinu501dal variations.
) Fig:thI;Rotating disk mirror (No. 3) positioned in automatic elllpsometer.'
o :‘A?; Polarlzer circle :” e

PolarizerﬁFaraday tell

icv

fConpénsator¢oirele*
v_p~€ Disk nirtof with dtive motor:
1f -aAnalyaet.Fataday cell
,Light propabation from A to E.
Fiﬁ;'3. nynamic Jnd static respunse to a step-wise variatlon in -
,polarizer and analyzer azimuth Mirro:‘Nofll, 300 tpn
ﬁﬁg' 1050;'am = 350 L |
Fig.'A.: Response to -an 1ncrea31ngly fast step—w1se: varlation in, polarizer
.azimuth : MirrorvNo. l, p. = 108°.'i ' Points‘indlcate static
neasurements, lines 11d1tate dynamic.ﬂeasurement at (a) 67 rpm,
"(b) 275 rpm, (c) 650 rpm | | | | |
‘Fig..S.v'Determinatlon of the slew—tate as tne llmitino slope of - the
| tesponse_to a step—wise variation (upwatdaandldownward) of polarizet
and analyzer'azimuth ' | v - o | )
A \nalyzer, step helnht ‘7'O°-',"'rnirror' No. By '
AAnalyzer, step helght 1.15°, mirror Wo.,2v

- ﬂ'Polarlzer, step: height 30°, mlrror No.
uE]Polarlzer, step hEIOhC 1.8%, mirror \0-:2’



Fig. 6.

“_Response to“anzinCreaeingly fast‘sinusoidaIGVariation in

..‘analyzer azimuth ' Mirror=No. 3 a "45° PointsmindiCate :

_ Fig. 7.

(a) 13 rpm, (b) 45 rpm, (c) 204 rpm

static measurements, llnes indlcate dynami”fmeasurements at

.Peak-to—peak amplitude response to- sinu501da1 variatrons ini
{_polarlzer_apd;analyzer azlmuth'of'diff;régttemplituge; o
(@) Analyzer, mirror No.3 |

:(b)ﬂf Analyéer?lmirror”N;;‘3¢ ”

‘.(¢) :'Analyzer‘rmirrOrfNof 3

(@ T‘Polarizer mirror No 5 a

| (e) _,Analyzer mirror No 5

| (© tnatyser, mirror Yo, 4

Fig. 8.

 Fig. 9.

R fanalyzer a21muth on, the time constant of the c1rcuit. Mirror}_'3

_Fig.'10v

”fbm = 104°'> Tlme constants (a) 1x10

1(c) 5X10

| 7-j(c) 10 g (d) 107t

Effect of time constant on the response to a step-wise variation

'1n-polarizer azimuth Rotation rate 60 rpm, mirror No l

3 (b) 2X1o 3s,,r'

=34 (d) 1X1o -2, (e) 5X10

pDependence of resolution and slew—rate for polarizer and

o.~l 300vrpm and'mirror'No 2 l 3 rpm.f;r'

-

Slow—mode peak—to-peak amplitude response to 31nu501dal

*variatlons in analyzer azimuth of different frequency

(mirrpr No 4) Tlme.constants;; (a)ilong (b) 10 s,
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