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FAST SELF-COMPENSATING ELLIPSOMETER

ﬁ ' o .‘ﬁ. J. Mathiéu, D. E. McClure and R; H; Muller

vInorganic Matérials Reseérch Division, Laﬁrence Berkelev Laboratory. and
) Department of Chemical Engineering; University of California
i ‘ o Berkeley, California 94720

ABSTRACT
A compensating automatic elliﬁsometer that gmploys Faraday'rotators
has been éonstructed. Speed of response and resolﬁcioh superior to
that of any similar instrument now in use have been achieved through

the use of novel Farédayfsolenoids, modulation with high frequency

and large amplitude and refinements in circuitry.



I. INTRODUCTION

‘The use of ellipsometers for the observation of surfaces and thin
.films has greatly increased in recent years. The principal short-
coming df‘a-manually operated ellipsometer is its slow response,.since
several minutes are required for a high-resolution éompensating
measurement in one zone. The speed of response can be increased by
operation in non—compensating‘modesl’2 or by use of a self-compensating
insirument.3 The latter chbicé is preferable because such instruments
récord the state of polarization without being inflﬁenced by changes
in irradiance.

The operation-of'a self-compensating ellipsbmeter requires an
error signal, that iS'derived‘from a modulation of the state of
polarization, and is used to drive a control-loop toreachcompeﬁsationv
(exfinction). Designs of automatic, compensating ellipsometers fealizéd
so fér employ electro-mechanical modulation and cbmpensation,4'electro;
optic modulation with mechanical compensation,5 and magneto-optic
(Faraday cell) modulation and compensation.6 The instrument reported
here belongs to the last categofy. Since Faraday rotation over a
useful dynamic range of polarizer and analyzer azimuth requires the
manipulation of sizeable magnetic fields, the inductance of Faraday
coils needs careful consideration. Both an adequate AC modulgtion
" amplitude and a fast responée'of azimuth rotation (to bevreferfed to‘éé'
DC response) are, in practiée, limited by coil inductances. |

Desired characteristics of an automatic ellipsometer include fastu

N

response, large dynamic range and high resolution.



II. PRINCIPLES OF OPERATION

The operation of the present design is based on suggestions\by
Winterbottom7 and a previous constructioﬁ by Layer.6 TIhe arrangement
of optical components, shown in Fig. 1, provides monochromatic,
elliptically polarized light incident on the specimen. At compensation
(extinction), the reflected light is linearly polarizec. Compensation
is reached by effectively rotating the planes of polarization (azimuths)
of polarizer and analyzer prisms over the dynamic range by means of
two Faraday cells to either side of mechanically established prism
azimuths. Current measurement in the Faraday coils serves as
(incremental) azimuth readout.

A control (error) signal is derived from a médﬁlation of the
Faraday rotation. As indicated in Fig. 2, the photodetector output
provides an approximately parabolic transfer curve as a function of
polarizer or analyzer azimuth. Thus, phase-sensitive detectioﬁ and -
integration of the photodetector signal caused by the azimuth modulatioﬁ
résults in an error signal that has a different sign on opposite sides:
of the minimum and is zero at minimum transmittedvﬁxadiance (compensation,
null). Analyzer and polarizer azimuths.are modulated at the same
frequency; their separation is achieved by a difference in phase of

exactly 90° between them.6



III. FARADAY CELLS
The Faraday rotation § of the azimutH of linearly_polariéed-light
depends on the magnetic field streﬁgth H, the length % and the Verdet

constant V qf the cell core.
6 = HAV s - | (1)

The\magnetic field strength ét the axial end of the sol‘enoid;is8
2 22 + r2 ' '

The symbols are identified at the end. The slew-rate S for the
self-nulling ﬁrocess,fdéfined'asg

a0 o ‘ .
S f It . | (3)

can therefore be formulated as

. '. . B iI— N : ) . . . )
| S=aN & _(4).

with the constant a defined as
a=—2E | (5)

2 ¥ 22 + 22

Since changes in solenoid current, resulting from a compliance voltage

E of the power supply, are hindered By the self-inductance L

dI _E | - | | .
Eq. (4) becomes

=



L=wp =~ (8)

The amplitude of the azimuth modulation is given by Eq. (9). .Primed

P

quantities refer to the modulating (AC) coil -

. o \ . _
6 =— =44 - €

With a core of'manageable length (chosen to gé 152 mm),”fairly high
magnetic fields havé=tq be‘génerated (2.9'103A m-ldeéfl avérage over the
length of thevéolehoid) in oraer to produéé the neceséaryEazimuth
rotationé both, for modulation and-éompénsation. in addifion, fast
'respdnse cépabilitieé of the insirument require low inductance gf Faraday
Vsolenoias, even with the use of operational amélifier feedback ﬁechniques.
Also, temperature rise due to power dissipation ét’éontinuous service
should be kept to a miniﬁum because.changes in‘Verdet constant and
birefringence of the core are deleterious.

Theﬂpresent Faraday cell design is illusfrated‘in Fig. 3. chdiffers
from the previously-used design6 becéusé a¥single, air-cooled solenoid
cannot providevthé desired'combinétion of properties;g- Instead, separate
solenoids, as proposed earlier by Winterbottom7 have been employed to
generafe modulgting (td be referred to as AC) éﬁd~compensating (to be
referred to as DC) fields. In the preseﬁt construction, these solenoids
are cdgcenfric and magnetically isolated.

An inner coil (F) of very low inductan;e (0.0l mH) carries the high

-

frequency (10 kHz) AC signal that results in a *0.9° azimuth modulation.
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This amplitude of modulation, rather than the 0.15° employed previously,
has been found necéssary for fast response and high resolution in

agreement with other authors.l’lO

Also, since the control signal must
be defived_from an average of at least 5-10 cycles of the AC modulation,
the previousiy—used modulation frequency of 500 Hz~cann§t provide
response timés in the range of milliseconds.

A water-cooled odter coil (D) of somewhat higher inductance (1.1 mH).
carries thevDC current and provides for a large dynamic range (*27°) with
fast response. It can carry *125A continuéusly with a temperature rise
of less thah 2°C. Témperature sensors, connected to interlocks, monitor
- the outlet temperatpre'ofvthe cooling water. The two coils are magnetically
separated by a counter-wound third coil (E) that isvconnected in séries
with thé.AC coil. : Solenoid characteristics are summarized in Table I.

éomputed_magnetic field distributions in the'Faréday cell core
are'shown in Fig. 4. Although thé axial magnetic field strgngth ‘
varies by about 40% from the ceﬁter of the coil to its flanges, the
radial variation over tﬁe central 1.27 cm diameter of the core that
.-determines the uniformity of extinction is at most 0.17%.

An 6ptica1 glass (Table II) of low'absorbanée, sﬁall residual
bi?efringéncé and fairly high-Verdet constant ﬁaS'chbsen for the cell
'core.ll_ The end faces of 152 mm long rods of 19 mm diameter were |
.-polished pa;allel to each other within 1 min and coated with anti-

12

reflecting layers of Mgf The rods were also carefully annealed.

2



IV. CONTROL CIRCUIT
The control circuit is based on similar principles employed
previousiy by Layer.6 But it employs a much higher modulating frequency
and makes extensive usé of integrated circuit elements. A bldck

diagram is given in Fig. 5. The azimuth modulation originates from

13

®

a 10 kHz ozillator Q that drives the modulation amplifierslAIMl

and M2 for analyzer and polarizer, separated by a 90° difference in phase.
The gain of tﬁese amplifiers can be adjusted manually. A 10A peak-to-peak
signal results in a *0.9° azimuth modulation.

As pointed out in Section III, éhe slew rate S is mainly determined
by the geometry of the Faraday cell. However, application of operational
amplifier féedback technique (voltage-to-current converter) improves
the slew rate that can be achieved experimentally. Téble I shows, that
the experimentally détermined slew rate S is increased from a theoretically
expected value of 1240 deg/s to 1600 deg/s..21

The reference signals for the phase-sensitive detectors are
derived from the oscillator signals in the folloWing way: A pair of
series connecte& integrated circuit monostable multi-~vibrators (TD1l, TD2)
are used to.generate the reference signal in each channel, the first
of which is adjustable and is used for phase adjustment. The adjustment
range is almost 360° for a 10 kHz signal. The second monostable circuit
in each channel is adjusted to form a symmetrical square wave at the |
reference frequency (SWGl, SWG2). The monoétable multivibrator outputs

are then buffered through a TTL inverter circuit and

fed to the phase synchronous detector inputs (L1, L2).
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“The ﬁodulation-in transmitted irfadiance is détected by photo-
.multiplier PM.15 The signalichannel‘follower (F) is a lOX pr¢amp1ifier
conpecfing an operatidnal amplifier in the "fdlléwer;with—gain" position.
The funed amplifier (TA) is an éperational amplifier witﬁ a band reject |
feédback network. The circuit is a bandpass amplifier with a bandwidfh
of about 400 Hz and center frequeﬁcy 10 kHz. The gain of this
( stage is éﬁproximately 75.

Thé tﬁned amplifier feeds the two quadra?uré’detection'channels.

The first circuit in each channel is a variable gain stage (Al, A2)
(adjusted externally). The gain stage is followed By.a simple inverting
operational ampiifier (Ii, I2) to provide.full wave phase synchfonous
detection by the full-wave demodulator (L1, L2). This detector is an
integrated circuit fET switch with a normally open contact, a no;maily' ‘
closed'cohﬁact and a switch driver circuit within the samé packége.

One " side ;f'each contact is connected to become thé_output'of the
detector. -The detécted signal is available on the controller front

panel ('Det. Out') for adjusting phase felationsl6 in the system in or@er
~ to avoid cfoss—mbdulation between channels (fig. 6). Also, the switchvdrive
'signallis available on the cbntroller_frbnt panel ‘("Ref. Out"). .

The; integrated detectdrboutbutvsignal is displayed in a panel‘
i:meter‘(uséd for manual nulling) and fed into an analoéyintegfator’
K.Z(Intl, Int2) with a variable time constant (range O;OOl éec £o'0.5 Sec)‘
‘to feduce noiserif necessary. The amplifier used ih,this-integrator
isba high.gain,.léw dfifg, low input current offset, léw voltage offset
unit. The integrator output signal is used to dfiye the Faraday cell
DC-current power supplies (ps1, PSQ).v The inéegfator output cén~be |

i
'



disconnected from the power supplies (by means of manuzl switches)
during setup or preparation periods and for manual (mechanical) nulling.
Under open-loop conditions, the magnet current can be zZjusted manually.

_.The Faraday cell DC-power supplies (PS) are bipolzr, operational,

current—fegulated amplifiers with a current rating of =125 A
(correspdnding‘to +27° rotation of the plane of_poiarizatién with the
,bresegt Faraday celisj with a compliance voltage of ilZ V', The maximum
sleﬁing réte’of the supplies with the Fafaday cell solenoids is
approximétely 9 A/msec corresponding to 1.8° a;imuth rotation/mséc.
 .0éerationally (small signal) the power supplyEand magnet have an
‘approximate ﬁandwidth of 400 Hz. , |
Each po&er supply uses a complimentary output stagz consisting of,
banks of water-cooled paraliel high power transistors ;ngStgd to zero
quiescent current. Current sampling is‘done with four 20 A-50 mV
meter shunts‘connected in series. Indium foil is.usea on the shunt
interfaces to minimize contact resisfance between shunts. Extreme
. : V

care in layout is necessary in this unit to minimize ripple due to

stray fields.



V. READOUT SYéTEM

fﬁe.readéut.signals are derived gpom the éprrent sampling shunts
in the DC power.supplies. These signals are a measuré of the electrical
azimuth rotétion, to be added to tﬁe mechanically established azimuths
ofupolari;er and analyzer brisms. The electrical azimuth rotations afe
| displa&ed by means of two digital voltmeters that have been qalibréted
to show the rotation in degrges with a resolution of 0.001°. For
'continuous reco;ding, particulérly of fast changes, the signals are
also displayed by a multiple channel light—beamAOSCillographIJ‘with a
‘resolﬁfion 6f'0.0605°, For highest resolution,‘the oﬁtput signais can
be e#ternally’filtered'with variable tiﬁe constanﬁs béfore,display.

Other experimental parameters are recorded simultaneously on other

channels-of-the oscillograph.
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VI. MECHANICAL CONSTRUCTION
Teiescopes and azimuth cifcleé of a commercial manual ellipsometer18
have been used in the present coﬁstructioﬁ. These components have
heen equipped with facilities for alignment and azimuth adjustment.

19 the cozponents have

fogether with Faraday cells and light source,
_been mqﬁnted in two sub-assemblies to either side of the specimen.
The éub-assembliés, in tﬁrn, rest on a figidly;built table (103%X219 cm)
with a surface flat to *25 lm, and allow éne to vary/the angle of

incidence (presently 75°) without re-aligning individual optical

components. Figure‘6 illustrates the physical arrangement of optical

components. Further details of mechanical design can be found elsewherego



.‘VII . PERFORMANCE

Tests to-characterize the pefforﬁance of automatic ellipsometers
havé'been developed and will be deééribed in detail elsewhere.2
The teéts-are based on the use of rotating mirrors for
the genefatiQn of fast, well—defined changes in th; optical prpperties
of a reflecting surface., Performance characteristics thus oytained
are summafized in Table III. The range of values given for slew ra?e
and resolution results from the capability to increase resolution at
- the expense of speed by increasing the integration timé from its normal
»value of about 1 ms. Changes in azimuthismailer than 0.01°, the mechanical
_ resolutibh of the present azimuth'circles, can only be interpreted as
relative measurements. The difference in dynamic range of polarizér

and analyzer is due to a slight difference in the maximum current

output of the two DC power supplies.
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VIII. CONCLUSIONS

To our knowledge, the présent combination of performarce character-
istics has not beenpreviously obtained with an automatic ellipsémeter
that employs‘Faraday cell rotators. Speed of response and resolution
have been obtained through the use of low-inductance Faraday sqlenoids
and a high modulation frequency. The most desirable future improvement
of the instrument appears to be an extension of the dynamic range, that
could well be tripled by an increase in current caﬁacity of the power

supplies and a variation in the solenoid design.
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LIST OF SYMBOLS
constant for DC-solenoid (Q%g) (Eq. (5))

constant for AC-solenoid <§§g> (Eq. (5))
voltage applied to DC-solenoid (Vj '
voltage applied to AC-solenoid (V)
magnetic field strength (%>

current (A)

length of solenoid (m)

seif—inductaﬁce of DC-solenoid (H)
self~inductance of AC-solenoid (H)
number of turns of DC-solenoid

number of turns of AC-solenoid

mean radius of DC-solenoid (m)

radius of AC-solenoid {(m)

sleﬁ rate of DC-coil (deg/s)

slew-rate of AC-coil (deg/s) .

time (s)

)

Verdet constant of Faraday cell core ( N

permeability of Faraday cell core <5)

-6 Vs
Am)

azimuth rotation due to DC current (deg)

magnetic field constant (= 1.256°10

amplitude of azimuth modulation due to AC current (deg)

éngular frequency of AC modulation (rad/s)
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Amplifiers Bogen C100 (100 W).
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absorbing filter (Oriel G-~776-7100), interference filter for

546*5 nm (Oriel No. 2201) and stabilized power supply (Oriel C-12-20).
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Characteristics of Faraday Cell Solenoids

Slew-rate (deg/s)

Max. azimuth rotation
(deg)

1240 (calce)
1600 (meas)

127

555,999 (calc)

10.90

Table I.
DCVCoil AC Coil ‘Separation Coil

Number of turns 131 51.8 5.5..
Number of’léygrs 7 1 1
Conductér diam. (cm) 0;6x0.6 0.3 0.2x1.2
Conductor length ( m) 15.10"2 15-102 15.1072
Mean solenoid radius ( m) §-1072 1.2-1072 3,8.1072
vApplicd.voltage w) 12 ‘12 12 |
Charé?g:fiigif 22272§nt 9.27.10™%  8.92-107% 9.04-1of4;'
Specific azimuth | ‘0.2 0.2 —_—

- rotation (deg/A)
Ffequéncy (kHz) - 10 10
Self-inductance (mH) 1.13 0.01 (caic) 0.001 (calc)
Resistance (Ohm) 0.3 0.01 0.9-1073
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Table II. Properties of Glass for Faraday Cell Core
(Schott SF-6)

b

Refractive index at 546 nm .81357

Transmission 0.996
25 mm, 546 nm

Verdet constant (deg/A) _ 2_0x10—'
Density (g/cm3) o 5.18

Expansion cqefficient (deg—l) 8.1x10"
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Table III. Performance Characteristics of Automatic Ellipsometer

Slew rate for polarizer and - 1.6°/ms to 0.33°/s
analyzer azimuth

bynamicirange.for analyzer azimuth | - ' 51°
Dynamic -range for polarizer azimuth ' 55°
Resolution | ‘ _ | o .7XI0-4 to 8><]_O_2 deg
Cross-modulation for 5° a;imuth change in one channel <+0.002°

50° azimuth change in one channel <£0.02°
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FIGURE CAPTIONS

‘Block diagram of self-nulling ellipsometer.

Analyzer ' ;
Analyzer Faraday cell

Collimator

Controller

Digital voltmeter indicating poiatizer rotation
Digital voltmeter indicating analyzer rotation
Filter (A = 546.1 nm) |
Galvanometer-oscillograph fof polarizer rotation
GalvanométerQOScillograph for analyzer rotation
High pressure mercury arc lamp

Polafizer AC-power supply

Analyzer AC power supply

Oscillator

Polarizer
Polarizer Faraday cell

Photomulﬁiplier

Polarizer DC power supply.

- Analyzer DC power supply

Compensator
Sample

Telescope



Fig. 3.

Fig. 4.

D DC coil, with glass tape-epoxy insulation

with distance Z along the axis (R=0) of the solenoid,

Effect of azimuth modulation near extinction on output of

: phgtoqetector.with transfer characteristic T. (a) Azimuth

modulation, (b) resulting modulation in photodetector output,

(c) output after phaée~sensitive detection, (d) -output after

\

integratipn (control signal).

- 1. Modulation around azimuth below compensation, resulting

'in:a negative control signal.

2, Modulatioh afouhd azimuth at compensation, resulting in a
zero éontrol signal.

3. .Modulétion around aéimuth above compenéation, feéulting in
positive\éonttol'sigpal. » 'l". }' ' ;o

Fagaday cell solénoids (cross—sectidn).

A coolihg water connections for DC coil

B electrical cénnectionévfor DC coil . -

C- temperature sensor on water exit-sidéjof DC coil

E éepa}ation coil on 76 mm O.D. core

F AC coil on 25 mm,O.D.’cbre

"G leads for AC coil

H solenoid flange, attached to core of decoupling coil

_Axiai‘¢omponen# of magnetic field streﬁgth in the Faraday cell

core due to the DC solenoid, carrying 125 A. -(a) Variation

!

(b) variation with radial distance R from the solenoid axis

for different.positipns Z along the axis.



Fig. 5. Block diagram of controller circuit.

Al, A2
AD
AA

F

Int 1 Int 2

I1, I2
11, L2

o
Mi,lﬁ2

0

PD

pA

PM

PS1, PS2
SWGL, SWG2
TA |

TD1, TD2

. Quadrature circuit

<22 . ; ' . .

Amplifiers (gain 1-100%)
Analyzer Faraday DC solenoid \
Ahélyzef Faraday AC solenoid
Follower (gain 10%). | |
Integrators (0.001-0.5s)
Inverting operational amplifiers
Phase éensitive detectors

LevelvDetector'

~ Modulation amplifiers o ' 5

Oscillator - S
Polarizer Faraday DC solenoid
Polarizer Faraday AC solenoid

Photomultiplier

—

DC power supplies (with manual current controiS)

Square wave generators
Tuned amplifier

Multivibrators (with phase adjustments)

Fig. 6. Components of self-nulling ellipsometér.,

A analyzer prism with azimuth circle and telescope, on

base with alignment facilities

AF - analyzer Faraday cell, on base with alignment facilities

F monochromatic filter
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L light sourée, on base with alignment facilifies

P polﬁrizer*prism with azimuth circle:and collimator, on
‘base with alignment facilities ‘

PFY polérize% Faraday cell, on base with alignment'facilitiesf

PM photomultiblier housing

Q quarter wave plate coﬁpensatér,.ﬁith azimuth circle on
base_witﬁ alignmént faCilities

S specimen surface (in flow channel)

SI - ‘base platé éf incideﬁt—ligﬁt;subassembly

SR base‘pléte of.reflected—light subasSembiy'

\Electroﬁié rack at left (top to bottom): high voltage power:

§Upply for phdtomultipiier; cOnt;ol of scale illuminétion;

_cohtroller with panel meté;s for error signal;.digifal'

voitmeters for azimuth readout; DC power Sppply‘for pblarizer

: .Faraday cell with current meter; same fér analyzer; cooling

water valves. Flectronic rack at r;ght (top to bottom):vlamp |

'.power supply; modﬁlatidnvéqplifiers for polarizer and anaiyzé;

Faraday cells; galvanometef preamplifieps; galvanometef drivef:

qmblifieré; gélvanometer light;beam oscillograph; power éupplies.

for electrochemical experiments.

[
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LEGAL NOTICE

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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