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" FARADAY CELL SOLENOIDS FOR-AUTOMATIC‘ELLIPQOMETERS
| H. J. Mathieu and R..H.'Mqller_

Inerganic'Marerials Research Division, Lawrence Berkeley Laboratory and
Department of Chemical Engineering; University of California
Berkeley, CaliforniaA 94720

In the course of.our construction of a self—compensating ellipsometer1
based on princ1p1es reported in this Journal by H. P, Layer,2 we have
found certaip limitations in the publigshed design that may have been
responsible for some of the problems encountered;by the-previous author and
couid be of'interest to others who want to build a similarksystem.

The operation of this ellipsometer is based onvthe use of Faraday
cells for magnetically rotating the piane of polarization of;polarizer
and analyzer. A control-loop is driveﬁ by a signal that is derived
_ from an AC modulation_of_the‘Farada& rotation. This signal indicates
the direction of rotation needed to reach extiﬁetion. Since Faraday
rotationfover even a modest. dynamic range_of pelarizer and aﬁalyrer
azlmuth'(10° for Layer's design) requires the:maﬁrpulatioﬁ of sizeable
magnetic fields, the inductance of Faradayvcoils needs careful con-
sideration. Both an adequate AC modulation amplitude and a fast
response of azimuth rotation (to be referred to as DC response) are,
in practice, limited by coil inductanees;

a. DC Response
' The response time of an automatic_ellipsometer is inversely

proportional to the slew rate S of the Faraday rotation, which is defined

as (symbols listed at the end)
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The Faraday rotation O is given by Eq.

6 = VHR
and the magnetic field strength by Eq.
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Equations (1) through (3) show that the slew rate is proportibnal;to the

rate of change of the solenoid éutrent‘

e dI -
S = aN I
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Fast changes of solenold current are, however, hindered by self-

inductance,
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Thus, Eq. (4) becomes
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For a singlé layer solenbid the inductance is
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AEquation.(7) can therefore be written in the form of
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with
4ﬁ2r2u'10—
b = T
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Equations (9):and (10) show that the voltage E applied to the solenoid and

© the number of turns N of the solenoid determine the slew rate of the

Féraday céll.
Based on the properties of Layer's system,4 oné can derive a
theoretical slew réte?for his solénoid.of S = 469°/s. This value

assumes the availability of a Satisfaétory control signal and is mainly

‘1limited by the high number of turns of the coil. In order to achieve

the desired response time in the range of milliseconds,1 a slew rate

of about 1500°/s appeaté necessary.

b. AC Response

" The Qoltage for an AC modulation current of amplitude Io

1s determined by Eq. (11).

E = - WLI coswt - - (11)

- Applicaticn of Eqs. (2) and (3) gives for the AC modulation amplitude of the

Faraday rotation (in degrees)
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With Eq. (13) applied to Layer's solénoid,4 one derives an azimuth

oscillation amplitﬁde of 60 = 0.15°



In .order to derive a satisfactory control signal from the AC
~modulation to achieve a resolution in azimuth of 0.01° or better, an
: T v : ' -1
azimuth oscillation of 90 = 1-2° amplitude‘is.‘.necessary.’7 Also, the

control signal must be derived from an average of at least 5-10 cycles

of the AC modulation. With the modulation frequency of 500 Hz employéd

by Layer, a fesponse'time of one millisecond can therefore not be

- achieved. Increasing the modulation frequency to overcome this prdblem

would result in an even smaller modulation-amplitude (due to coil_
inductance). _ :

c. Power Dissipation and Dynamic Range

The Fareday cell_solenoid»proposed by Layer, dissipates about
340 W at 10 A DC? not counting the power duevtobAC modulation.

Since the solenoid was air-cooled, one can estimate an initial
temperature-rise (neglecting heat losses ) of about 32°/min9 for:
operation’at full cufrent (10A); Temperature cﬁanges during operation
are undersirable, because they result in a variation ef_the Verdet
conetant and in time—dependent birefringence of the Faraday eeil core,
that cannot be tolerated»in‘an’ellipsometer. _Aiso, continuous service

of this solenoid at fuil current would probably not be possible.

H
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The design of solenoids for Faraday cell-operated ellipsometers
has fo resolve the following dilemma: A large dynemic fange (optical
rotaeion) of ;he instrument requires the generation of-fairly high
’magnetic Fields, that are nofmally obtained by the use ofi a large
number of turns in the solenoid, although a faet'response.requires a

reasonably low self-inductance. On the other hand, the AC modulation



needed for fast response and high resolution'calls for the use of high
frequencies of large amplitude, which requires é very low sélf-inductance
or a small number of turns. The single coil employéd by Layer is not
able to érovide this combination of capabilities, but the use of separate
coils for AC and DC components, as proposed earlier by Winterbott:om10
appears more sditable. In addition, both coils should contain a

minimum number of turns (particularly the AC coil) and be designed

to carry high currents (particularly the DC coil). -
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LIST OF SYMBOLS
constanf défiﬁed in Eq.(S) | |
constant defined in Eq.(lO)
voltage applied to solenoid (AC or DC)
maénetic-field étrength (bC)
cuifenﬁ flowing through solenoid (DC)
current amplifude of AC modulation
length‘of solenoid
self-inductance of solenoid
number of turns of solenoid
permeabilit; of solenoid core

angular frequéncy of AC modulation

radius of solenoid (mean)

slew rate of ellipsometer azimuth rotation

time
Faraday azimuth rotation due to DC éurrent
Faraday azimuth oscillation amplitude due to AC current

Verdet constant of Faraday cell core

i
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VH J. Mathieu and R. H. Muller, LBL-2228, to be submltted to

Rev. Sci. Instr, ' ' .

~ H. P. Layer, Surf. Sci. 16, 177 (1969).

It is assumed thag‘the,length % of the solenoid is not large
éompéred to the radius r. H gives the magnetic field stréngtﬁ

at the end of the solenoid. Our own expgfiehce shows,1 that it

is preferable in connection with thé_désigﬁ of A Faradéy solenoid
vto use the magnetic field strength at the axial end of the solenoid
rather than at its axial cehter; | |
The foiloﬁing\dafa, some of which had to be inferred from other

evidence, have been used in the analysis of Layer's‘solenoid:

N = 1000 turns (Ref.v8)

v = 1.8x103 488 - g.086 IO
Oe cm ‘

2 ='7;5 cm

r=2.1 cm (Ref. 8) .

E=-10V (Ref. 11)

W= 2ﬁxsoo rad.

a = 1.09%10 3 oden

S ! !
b= 23221081

a_, 4 deg
A. b 4.69><10 V s i

L=b0N =23mH
Our own experience shows1 that the theoretical Slew rate is larger

than what can be obtained experimentally. Layer has determined a

slew rate of 4°/s, which was, however, limited by the slew rate of

his recorder.
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R. H. Muller and H. J. Mathieu, LBL-1857, éobmitted‘to Applied Optics.

B. D Cahan and R. F. Spanier, Surf Sc1. 16 166 (1969)

Layer used #19 gauge magnet wire, Actually hlS solen01d must have

been built of 14.5 layers of 69 turns each to give 1000 turns.over

a length of 7}5 cm. ‘Based on this information, one can caloulate

“the radius of the first layef of the solenoid to Be 1.27 cm|and
that of the outermost layer 2. 87 cm, giving a mean radius r = 2.1 cm. -

~ The ohmic re51stance of this wire of 1000 turns (130 m) is calculated

to be 3.4Q, the inductance 23 mH.

This estimate was baged on the uniform heating of a solenoid made
up of 550 g éopper; opecific heat 0.39 Ws/g°C‘aod 200 g of insulating
material (bakelite) of specific heat 1.68 WS/gAC.

A. B, Winterbottom in Ellipsometry in the Measurement of Sorfaces

and Thin Films, E. Passaglia, R. R. Stromberg, J. Krugef, eds.
v : )

(Natl. Bur. Std. Misc. Publ., 1964) Vol. 256, p. 97.

. Assumed voltage according to Layer's Fig. 2.
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