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'SELF~-COMPENSATING AUTOMATIC ELLIPSOMETER MANUAL

H. J. Mathieu, D. E. McClure and R. H, Muller
Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Chemical Engineering; University of California
Berkeley, California 94720
‘ABSTRACT
A self-compensating automatic ellipsometer has been built for the
measurement of transient thin films. The performance éharacteristics
.of this instrument are superior to any similar equipment now in use.
The slawing'rate of the systém was found to be 1.6°/msec over a range

of 50° of the rotation of the Faraday cells. A resolution of 0.08° in a

fast mode and 0.0007° in a slow mode has been achieved.
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I. 1INTRODUCTION

Ellipsometry is an optical method for the examination of surfaces
based on laws of reflection of polarized light by Drude.l The term
ellipsometry is generally defined in a more restrictéd sense as an
optical technique for the determination of thickness and optical constants
of bare surfaces and thin surface films. When polarized light is
incident on -film covered‘surfaces,.the state of polarization of the
reflected light is.different from that of a film-free surface. This
technique is particularly noted for its sensitivity in detecting and
measuring extremely thin surface films. Another_édvahtage of this
. technique isffhe possibility of in situ measurements.b

An ellipsometer determines the change of the state ofbpolarization
due to reflection by measuring the azimuth of polarizer and analyzer
before and after reflection. Two parameters A and V 2 can be calculated
from this measuremeht. This automatic ellipsometer was designed
primarilyvto study film formation énd film growth on metal electrodes.
Fast dynamic changes of the status of thin surface layers should be
followed. The slewing rate of the ellipsometer was found to be 1.6°/msec
over a range of 55° of the azimuth readings of the»polarizer‘and of
50° of the‘azimuth readings of the analyzer.4 Under conditions which
resulﬁ in an azimuth change of a full turn for a film thickness increment
| of one wavelength, the slewing rate corresponds to film growth rates
‘up to 2.5 U/s. The other purpose of the constructiqn was to maintain
an optimum resolution of the electronic azimuth readings in the fasf
‘gode of operation and to increase it over the best mgnually obtainabie

resolution of 0.01° in a slower mode. With a uniform, highly reflecting



surface, resolution of 0.08° in a fast mode and 0.0007° in a slow mode,
has been demonstrated.4 This resolution in azimuth corresponds to a
resolution of f%lm thickness of approximately 0.01 monolayers and of

changes in optical-constants of 0.1% or better for materials such as

Ag, Aus M. |
The instrument employs an electronic rotation of the plane of

polarization of incident‘and_reflected lighf'by means of two Faraday

cells,s’e to take the place of the mechanical rotation of polarizer

and analyzer prisms'over the dynamic rangef A control signal is derived

from a 10 kHz modulation of the Faraday rotation to drive a.null—seeking.

control loop. Figure 1 illustrates that by applying a sinusoidal modulation,

the amplitude of phe resulting signal is proportional to the displacement

from the minimum and undergoes phase reversal when passing the minimum

This signal, whose sign indicates direction of the error and whose magnitude

increases with the displacement, drives the power supplies of the Faraday

magnete to turn the plane of polarization of analyzer and polarizer to

minimize the signai. Current measurements of the Faraday coils are usedvas

azimugp readings and displayed in two digital voltmeters, calibrated

in degrees of azimuth rotation with readings to 0.001°. The signals are

also recnrded by a multiple-channel light beam qscillogfaph.' This‘feport

describes construction and operation nf the different parts of the

automatic ellipsometer.

*
‘A summary. of the difference between this present el]ipsometer and the
one designed by Layer,b which did not perform satisfactorily, is given

in the Appendix. A complete discussion of the reasons for the failure
of Layer's approach is found elsewhere.’
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II. AUTOMATIC ELLIPSOMETER

In addition to the.usual manual arrangement of an ellipsometer, two
Faraday cells are introduced to rotate the plane of polarization of both
analyzer and polarizer as shown im Fig. 2. They serve two purposes:
to turn and to modulate the electric light vector. | The light beam
from a mercury lamp (L) is filtered (F) énd collimated (C) before passing
the polarizer (P), polarizer Faraday cell (PF) and cempensator (Q).
After reflection by a sample (S), the light passes the analyzer Faraday
celly(AF) and the analyzéf (A) and is detected by a photo-multiplier (PM).
Then this signal'is amplifiéd, filtered, phase sensitive detected and |
integrated in the controller (CT). The integrated signal drives the
bipolar DC-current power supplies (PS1l, PS2) to the Faraday cells
(AF, PF) so-as to turn the plane of polarization. Thus the light signal
reading the photomultiplier current ‘is miﬁimized. The system operates
as a.null—seeking control loop. Modulation current is supplied to the
Faraday cells ffom two power amplifiers (PAl, PA2). One oscillator (0O)
supplies the input to the two power amplifiers as well as the reference
forgthe two phase sensitive detectors in.the controller (CT). Both
modulafing currents carry the same frequency, but are shifted by 90° relative
to‘one another. The DC~current of both power supplieé (PS1 and PSZ)'is‘
recorded with a multiple~channel light beam oscillogfaph (G) and two
digital bipolar voltmeters (DVM). It is a measure of the state of
polarization and is calibrated in degrees of rotation of the plane of
polarization of analyzer and polarizer. During'operétion the manuai
analyzer (A) and polarizer (P) sfay in a fixed position and their

reading must be added to the electronic angle reading of the analyzer

and polarizer Faraday cells.



A, Light Source

The light source for this system is a high pressure mercury arc lamp

‘ )l
(Osram HBO, 100& -2) with an'arc size of 0. 25X0 25 mm (F1g 3, Table I).

It is used with ‘an Oriel C-12e20 universal lamp power supply,(75—200W).

An interference filter (Oriel No. 2201) is used to provide a moﬁochromatié

source of A = 546.1+5 nm (Fig. 4).

The light source is characterized by a low riﬁplé and steady light.
output. which was measured to be less than 17 rms. The current regﬁlation
is within 1% with 10%Z change of the line voitage. This'fast acting
control circuit compensates for changes within the lamp and produces
maximum arc stability. The ignifor is éupplied in a separate small |
package to allow for short RF carrying leads withéﬁt the necessity of
locating the lamp power éﬁpply close to the lamp. (Spark gaé voltage
is adjustable to compensate for coirosion and to permit changing the
ignition.) The operating voltage of the lamp Qill start at 10-12 V and
slowly risé és the iamp warms up to 18-28 V., During the ignition (0.5s).
the durrent should be set manually to 5-8 A (fine.édjust at positionv6),
but at né time should the total product V"A.exceedFIOOW. As the lamp
ages, the voltage slowly increases én& fherefore the éurfent should be
monitored perodicaliy to be sure that 100W aré ﬁof excééded.

-B. Faraday Cells

The Faraday cells rotate the plane of polarization of linearly
polarized light based on the Faraday effect. The Faraday rotation is
described by the following equation

6 = VHR




where 6 = Faraday rotation, minutes of arc

V = the Verdet constant min/Oe-cm*

H = magnetic field applied, Oe

2%

ilength of light_path through the méterial, cm

Fbr a solenoid, the magnetic field ;s broportioﬁal to the applied current.
Thérefore,vthe current is a measure of thé faraday rotation once the
Verdt constant and the length of the glass ( = iength of the 1light path)
are known.. A cylindrical Schott SF6 giass of V = 0.09 min/Oe-cm of

£ = 15.25 cm'éf length is used.3 After grinding, polishing (end surfaces
are parallel within 1 min) and énnealing the surfaces** of the cores were
covered with an antireflecting coating of MgF2 (see Table II). The
solenoids are made up of three concentric windings'(Fig. 5). The center
winding of 51 turns (aiam 3.05 cm = 1.2 in.) and the middle winding of
about 7 turns (diam 7.62 cm = 3 in.) carry the modulation current; The
latter is wound counter to the inner winding and is used to minimize
_.inductive coupling between the inner and the outer windings. The outer
winding is 7nlayers of square, hollow copper tubing wound about 4 turns
per 2.54 cm and rated to carry 200 A. This winding provides the principal
field for the faraday'rotation. Témperatufe rise of the cooling water,
under flow conditions preéentlyAlimited by elbow furﬁs,is listed in

Table III, which also gives measured field strengths at the cépter of

**The glass was annealed by heating it from room temperature to 400°C
in one hour. The furnace with the glass was kept for one day at

400°C. The cooling rate was 1.5° C/h for the first 50°C, then 2.5° C/h
down to room temperature. .

*

A_16° 4

n = N (SI-unit).

1 Oe = 79,577472



the coil. Faraday rotation is about 1°/5 A. Table IV shows the

variation of the magnetic field inside the DC solenoid.
| ‘ | ' _
| ' C. Faraday Cell DC-Power Supplies

Tﬁé Faraday cell DC-power supplies (PS) are bipolar, operational,
current regulated'power supplies with a current rating of +125 A
(corresponding to ¢25° rotation of ;he plane of polarization of the
Faraday éells) with a compliance voltage of +10 V._ The maximum slewingv
rate of thé supplies.with the Faraday cell solenoids is approximately
9 A/msec corresponding to 1.8° rotation/ﬁsec. Operationally (sméll
signal) the éqwer supply and magnet have an approximate bandwidth of
400 Hz. |

The power éupply uses a complimentary output stage consisting of
banks of parallel high power transistors-gdjusted to zero quiescent
current. Current sampling is done with four 20 A-50 mV meter shunts
connected in series. Indium foil is used on the shunt interfaces to
minimize contact resistance between shunfs. Ext;eme'care in layoﬁt is
necegsary in this unit to miniﬁize ripple output due to stray fields.

D. Controller
1. Signal Channel _
| The'sigﬁal is detected by a photémultiplier tﬁbé (RCA' IPZl)‘used
with a high voltage regulated DC power supply (Power Designs Pacific,
Inc.; Model 3K-20). Because most of the statistical noise in tﬁe
photomultiplier &s caused by random flucfuations ;n the electron current
(shot noise) the tube housing is not cooled.
Figure 6 is a.Block diagram of the controller system. Each'block

is an individual circuit model whose characteris;ics'(bandpass, gain,

time-delay) are determined by external components (resistors, capacitors).

i
o
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The signal cﬁannel f@llower (F) ié a 10% preamplifier connec;ing
an operational amplifier in the‘"follower—with—gain" position.

The tuned amplifier (TA) is an operational amplifier with a band
reject fgedback network. The circuit is a bandpass amplifier with a
bandwidth of about 400 Hz and center frequency is 10 kHz. The gain
of this stage is approximately 75.

The tuned amplifier‘feeds the two quadrature detection channels, Th?
first eircuit in -each channel is a variable gain stége (Al, A2) (adjusted
externally with "ACvgain" (see Fig. 7)). The gain stage is followed
. by a simple_inverting operational émplifier (I1, I2) to provide f#llv
wave phase synchronous detection by the full-wave demodulator (L1, L2).

This detector is an integrated circuit FET switch with a normally
open éontact, a normally closed contact and a switch driver circuit Qithin
the same package. One side of each contact is connécted to become the
output of the detector. The detected signal is available on the contrpller
front panel '"Det. Out" (Fig. 7) for adjusting phase relations in the
system. Also, the switch drive_signal is available on the controller
front panel "Ref. Out" (Fig. 7).

Thejdetector output signal (dispiayed in the "Output
Voltagé" panel meter (Fié. 7)) is fed into an analog integratér (Int 1,
Int 2) ﬁith a variable time constanf.(range 0.001 sec to 5 sec). Tﬁe

.amplifier uéed in this integrator is a high gain,‘low drift, low input’
current offset, low voltage offset unit. All these factors cOntribﬁte
to the quality of the minimum-reading that this system will provide.
Any offset from compensation produces a DC component at the input of

the integrator which generates an error signal that, in turn, results



in a change in magnet current. Any noisé in the error signal has a
similar efféct. The'inéegrator output signal is used as the control
for the Faraday'cell DC-current power‘supplies %PSI, PS2). This output
is open-circuited (by means of manual switches) during setup or prepara-
tion periods (loop open—cloéed switch on the controller front panel,
Fig. 7). Under open-loop conditions, the magnet current can be adjusted

manually.

2. Reference Channel

The reference channel starts witﬁ a 10 kHz éscillator (0) (Fig. 6)
@Burr-Brown 4023/24). Thé frequency ofvthis oscillator is fixed, but
may be modified by external components.

The oscillator output signal is used as the modulation source to
one of the Faraday cells af;er amplification in an (address) modulation
amplifier (M1) (Bogen, C100). The amplitude of the moduléting current
can be adjusted manually ('AC Amplitude", Fig. 7).* The oscillator also
feeds a quadrature generating circuit (QC) (an operational amplifier
connected as a differentiator) to provide 90° of bhase shifﬁ.v Thé
quadraturevsignal is the sourcé for the second mddqlation amplifier M2).

The quadraﬁgre sigﬁal also feeds‘an integrated circuit level
detector (N.S.C. LM_311) (LD) whose output is a sqﬁare wave at the
reference fréquency with levels corresponding to TTL logic levels

(OV and +4V), Thé square wave from fhe level detector is now used to
generate the reference signéls for thé phase synchfonous defectors

in the signal channels.

*
Position 6.00 corresponds to 10 A peak-to-peak corresponding to *2°
modulation rotation. '



A pair of series connected integrated'circui; monostable multi~
lvibrators (TD1, TD2) are used to generate the reference signal in each
~ channel, the first of which is adjustable and is uséd fbr_phaSe
adjustment ("Phase', Fig. 7). The adjustment range is almost 360° for
a 10 kHz signal. The second monostaBle circuit in each channel is’
adjusted to forﬁ a symmetrical square wave at the reference frequency
(SWG 1, SWG 2). The.monostable multivibrator butpufs are then buffered
through a TTL inverter circuit (SN7400) and then fe& to the‘phaSe
synchronous detector inputs (L1, L2).

E. Readout System

A block diagram of the réadout system is shoﬁn in Fig. 8. The
DC-current signals can be ﬁonitored on a Honeywell 1108 Visicordef‘
Galvanometer using fluid damped galvanometers (M 1650) (see Table V).

The Faraday cell current signals are amplified (in data amplifiers
1(DA1, DAZ) gain range from 10 to 10,000)) and filtered in a variable
time constant averaging circuit (F1, F2). Both amplification and
filtéring can be varied externally. Filter time constants are 0 sec,
0.001 sec, 0.01 sec, 0.1 sec, 1 sec and 10 sec. 'in addition to the
regular outputs from the filter, there is an attenuéted output designed
‘tovmatch ;he charaéteristics of a Honeyweli sénsitive galvanéﬁétér
(M24-350) . (see Table V).

Two more signals can be monitored simultaneously. They are fifst
passed th;ough a:differential amplifier (D3, D4) for isoiatidn and
then through data amplifiers (DA3, DA4) (gain range 1 through 1000,'

externally variable).
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All signals are then processed through a Honeywell T6GA-500, 6
chanﬁel galvanoqeter amplifier.(G) ang gimultanedUsly recorded withl
the Visicorder éalvanameter.(V).

In thé‘casé of the sensitive galvanometer (M24-350) the output’
signal of the galvanometer-amplifier-filter is.hsedvto drive the
galvanometer without using the 6 channel galvanometer amplifier (G).

Two digital'voltmeters (Electro Numerics, Model 3412).are mounted
in a separéte paﬁel and are used for slow readings of the Faraday’tell
DC—cufrents. The:front panel is shown in Fig. 9. .Tﬁe full scale reading
of the instruments is *+39.999 mV with a resolution of 1 HV. The accuracy
in the temperature range +5°C < T.< 45°C 1s *0.005% reading, *0.005%
full scale. The full scale step response is 3s. Their ihput resistance
is 100 K2 and typical bias current is 10 pA. Each meter can be connected
to one of four inputs, which can be chosen by iﬁput selectéf switch
P1/Al1. Input Nqs. 1 (in back) and 4 (on front panel) are direct inputs
to the voltmetet. Input No. 2 is connected to a attenuator (P2/A2) on
the front ﬁith approximate ranges (X1, X10, X100 and X200). They Should
be used only in the case of a signal which i§ larger than 40 mV to give
va rough idea of the order of magnitude of the signai. Input No. 3 is
connected to a'separate:potentiometer on tﬁe frdnt_with_fine (P3/A3,
"Range fing");and coarse adjustment (P4/A4, "Range coarse"). The
potentiometer for tﬁe coarse adjustment is placed ét the fight and left
side behind the panel. The potentiometers (P3/A3) are used to calibrate
the reading to read directly in degrees rotation of the plane of |

polarization. P5/A5 are calibration potentiometers for the two
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voltmeters whereas P6/A6 are their zero adjustménts. P7 is used to

~switch the input of the two voltmeters (inputs of meter No. 1 become

inputs of meter No. 2).
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'IIi. MANUAL OPERATION

.This instrgment canvalso be uéed manually; By opening the loops
of the cqntrollér of anaiyzer and polarizerv("Lbop open", Fig. 7) the
system operates as a manual éllipsometer. The AC-quulétion coils of
analyzer and polarizer Faraday magnets feplace the chopper. Signal
and referénce channel operate as a phase sensitiﬁe detector (Fig. 6).
The current of both DC~Power supplies should be set to zero (DVM-reading
of polarizer and analyzér 0.000) of combletelyshutoff. The minimum
photomultiplier current can be achieved By rotating manually the polarizer and
analyzer-circle until the two panel voltmeter (''Output Voltage", Fig. 7)

indicate zero. One will notice that the manual operation is less

accurate, because the resolution of the circle-reading is *0.01°.

mrtem o e e d 2



St
-
S
&
&,
L
o,
P
Tl
s
-

o o6 g
-13-

IV. CONTROLLER ADJUSTMENT
A. Phase

The ééquence of adjustment to set up proper phase relationships
between analyzer and polarizer (90° difference) signals is as follows:

1. Compensate the system manually with loops open and no DC current
in the Faraday cells, for minimum transmitted light; observed visually.

2. Rotate the analyzer manually and observe the signal at the
analyzer detector output (analyzer signal 'Detector Out", Fig. 7).

This signal should go from o

Y

’ to T

as you rotate through the null. If it does not, adjust the "phaée"
control of the analyzer until is does.

3. Rotate manually the analyzer. As you rotate through null; the
-signal should be the S-curve of a phase detector detecting a'quadréture

signal, i.e.,

NN Vb

observed with the polarizer signal '"Detector Out'. Adjust polarizer

phase control.

4. If.ﬁhis phase relationship (90° differenqé) cannot be achieved,
adjust the "Treble'" and '"Level" controls of the pdlarizervmodulation
'amplifiérbuntil the phase relations are as indicated above. Be careful
to try and ﬁaintain the AC peak-to-peak current output (10 A) at an
approximately fixed &alﬁe through this adjustment, corfesponding to
abqut +2° modulation rotation (measured by inserting a 25 A-50 mV shunt

into the AC power amplifier output.
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5. Observe the polarizer phase detector output (''Detector Out')

while rotating manually the polarizer. Now this éignal should go from

to ' ! ;.w;_
!

as one rates through null.

6. If necessary, the phase control "Phase" of the polarizer should
be adjusted while observing the polarizer detector outpuﬁ "Deteétor Out".

7. The phases should now be separated by approximately 9d°.' If
not, steps 2-6 have to be repeated. |

The above procedure could as well have been done by reversing the
roles ofi;he analyger and polarizer.

One will note at ﬁhis time that the Faraday cell AC modulatioﬁ
currents are not exactly in quadrature (Lissajou figures generated with
the signais from the two AC power amplifier shunts) although the phase
detectors ére. To minimize cross—tglk between analyzer and polarizer
chénnels, the folldwiﬁg fine—adjustment procedure is followed.

8. Ascertain calibration of digital voltmeter output in degrees
circle reading (input selectors P and A, input connectors No. 3).

9. Close both lbops and note DVM—readings (Digital Voltmeter)‘of
analyzer and polarizer. The manual circles of analyzer and polarizef
should be set, so that the DVM#reading ile B 0.003°.

10. Change manually‘the analyzer circle up to i2Q° in steps of
5° and note the polarizer DVM—reéding. |

11. Repeat step 10 for the polarizer}

12. Changes of the polarizer DVM-reading while the anaiyzer is
chénged should be less thén 0.02° (cross-modulation) and-visé versa. If

not, fhe'phase has to be adjusted.
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13. Change thé éhase of the polafizer by turning the polarizer
"Phase";helipot to reduce cross—modulation. Repeat steps 8-11 until no
.further adjustments are necessary.

B. Gain -

A\fgéfure of this system.which bears carefﬁl watching by the user
is the fact that loop gain in the nulling loops is a function of photo-
mﬁltiplier vdltage, light intensity and modulation.

Increasing the photomultiplier tube voltage increases the tube
gain, Uéing diaphragms or slits to decrease the &ize of the reflecting
area or using a '"poor" reflecting surface decreases the amount of light
transmitted as well as the loop gain. The "AC géin" controis (Fig. 7)
adjust the modulation curfent gain of each channel. vNormally, it should
not be necessary to use these adjustements (low position).

"AC émplitude" adjusts the level of mbdulation in both Faraday cells.
It is set to 6.6 A peak*to%peak at 400 on the potentiometer corresponding
to about *1.66° rotation of the plane of polarization of anaiyzer and
polarizer.

"Time.éonstants" adjusts the intégrator time constant. As this is
the dominant time constant of.the system, the resp&nse time is deterﬁined
by‘this adjustmeﬁt. ,This-méy be used, for instance, to lbﬁer noise
levels in the case when the surface under test exhibits a poor null .
(noisy). Photomultiplier noisé (shot noise) will be decreaséd also
by a longer time constant. Long time constants should also permit a
higher degree of resolution than shorter time constants? The numbers
(0.001 sec through 5 sec) are only relative figures since any systém
variation which changes 1dop gain will also change the system's response

time.
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The most significant féaﬁure of changing the loop gain is, however,
not actually chﬁnggs of gain but changes in bandwidth (response‘time),
which accompany th; chang; in gain. Figure 10 illustrates this point.
It shows aﬁ open-loop gain-bandwidth diagram. From this figure, one
sees that the bandwidth is a function of the gain: increasing the gain
(phototube high voltage, light intensity, AC—gain, AC—amplitude)'
cor;espénds to an increase of the bandwidth. The vértical line indicates
fhe position of the "time constant" (selected externally). Variation
of the "time constant' changes the bandwidth. An increase of the "time
constant' (toward increasiﬁg bandwidth) means a ioss of high frequency
gain, Conversely, the decrease of the "time constaﬁt" can be used to
increase response time due to a loss of gaiﬁ. If the gain becoﬁeé so
high as to allow oscillations of the system (they will appear as a low

level ripple of about 400 Hz on the magnet current signal), increasing

the "time constant" will generally eliminate the oscillations.

P,
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V. ALIGNMENT OF THE MECHANICAL
PART OF THE AUTOMATIC ELLIPSOMETER

A. Alignmment of the Optical Axis

The angle of incidence used is fixéd at 75°. A polygon mirror or

an alignﬁent prism with two reflecting faces at 150° 0 min 32 sec to

each other is used to align the‘optical axes. The following procedure

is to bevfollowed:3

1.

With the Quarter wave plate removed, the polygon mirror or alignment
prism festing on the tripoid is positioned between the telescopes
so:that its sufface(s) is facing one telescope. |

Usihg an Abbe Lamont Autocollimating eyepice, one face of the prism

is bfought to be perpendicular to the opticai axis of one telescope

by adjusting the tripoid legs to bring the crosshairs of the eyépiece
and their reflecting image into coincidence.

Ihe,same autocollimatioh procedure is then carried out with the second
ﬁelescope. Half of the error is compensated By adjusting the position
screws on the telescope for vertical and.hofizontal movement. The
remaihing error is compensated by aéfdsting the iegé of the tripoid.
To ¢heck the alignmént, the pinhole is placed in the polarizer and

the eyepiece in the analyzer. A mercury light.is used to iiluminaté

the pinhole.' By rotating the polygon mirror By 75°, the mirror is

used as the reflecting surface. Using the alignment prism, one

face of it can be used as a reflecting surface. The'imagé of the

- pinhole is observed through the eyepiece. Without adjusting the

legs of the tripoid, one should be able to place the image of the
pinholé at the center of the crosshairs. If not, the alignment

procedure should be repeated (step 2-3).
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B. Alignment of the Manual Polarizer and the Analyzer Circles
Lo .

The way to thg alignment of the circles of polarizer and analyzer

will depend on finding the minimum light intensity at extinction settings

of the polarizer and the analyzer. The extinction setting of the analyzer

will depend on the setting of the polariier. However, extinction

intensity is at a minimum when the transmission axis of the polarizer

is either parallel to the plane of incidence (p-position) or pefpendicuiaf

to the plane of incidence (s-position). A stainless steel alignment

mirror is used as the reflecting surface. The following procedure has

to be followed:

1. Calibrate the reading of the digital voltmeters (DVM) in degrees by
using the coarse and fine adjustements P3/P4, A3/A4 in Fig. 9.

2. Set high voltage of photomultiplier to -800 V. |

3. Remove quarter-wave plate.

4. Close both loops of analyzer and polarizer.

5. Turnbthe polarizer tols—position (90° azimuth = 0° circle reading).*

6. Turn the analyzer to p-position (0° azimuth = 90° circle reading).*

7. Note DVM-reading of analyzer and polarizer.

8. Loosen éollér screws of polarizer carrier and rotate it until a zero
reading of the DVM is obtained.

9. Repeat step 8 forithe analyzer.

*With the arrangement of optical components that is used (light éource,
polarizer, compensator, sample, analyzer and detector), the circle reading
of this particular ellipsometer is based on an angle measured counter-
clockwise from the plane perpendicular to the plane of incidence when
-looking into the beam. Thus, polarizer and analyzer circles read, O°

and 90° respectively, for s and p transmission. '

i
B
i
b
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Open both loops of analyzer and polarizer and Sét, if necessary,
manually the manual DC~power supplies to zero current.
Minimize, if necessary, photomultiplier current manually by

rotating the carrier of the polarizer. At minimum, the front-

. panel voltmeter "Voltage Output" (Fig. 7) of the polarizer will

be at zero. ‘Note that the sensitivity of the panel.meter is better
than +0.01°. Tighten the screws.

Repeat step 11 for the analyzer.

Note the circle-reading of analyzer and polarizer.

Close béth loops of analyzer and polarizer..

Note DVM-reading ofranalyzer and polarizer.

Check if the sum of the circle reading and the reading of the
DVM~reading is | |
A = 90.000 * 0.003°

P = 0.000 * 0.003°

If this is not thévcase, repeat step 4-15.

C. Alignment of the Compensator Circle Setting

Insert quarter-wave plate and rotate compensator circle to s-position
(90° azimuth = 0° circle reading).

Set high voltage of photomultiplier to -800 V;

. Turn polarizer to s-position (90° azimuth = 0° circle reading).

Turn analyzer to p-position (@° azimuth = 90° circle reading).
Close loops df Both analyzer and polarizer. One’willvﬁote that the
reading of the digital voltmeters (DVM) is much more noisy'thaﬁ

in Sectiqn B.

Rotéte.manually thé quarter-wave plate until both DVM of.analyzer

and polarizer show approximately zero reading.
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Note both readings of DVM's of polarizer and analyzer.

Open both loops of analyzer and polarizer.

Minimize photomultiplier current manually by rotating the quarter

wave plate in its holder. At pihimum photomultiplier'current both
front panel voltmeters ''voltage output" (Fig. 7) Qill go through zero.
Note that the sensitivity of the panel voltmeter "output voitage"

Fig. 7) is better than +0.01°.

Close both loops of analyzer and polarizer.

Check, if both DVM—readings of analyzer and polarizer are

A = 90.000 * 0.01°

P

0.000 + 0.01°

If this is not the case, repeat step 5-9.
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APPENDIX
Thisvpreseqtidesign of an automatic ellipsometer is based on ideas

.of Winterbottom;5 uho suggested an ali—electronic approach, Layer6 designed
a self-nulling ellipsometer based also on Winterbottom's ideas,
But his approach fails to give a response time in the order of 1 msec
and. to follow dynamic changes of polarizer and analyéer over a range of more
than 1°. His design used a Faraday cell, different from the one suggested
by Winterbottom who proposed two diffefent magnets for compensation‘and
modulation. Layer préposed instead, dne single solenoid as Faraday
cell éarrying both compensating.and modulation current. There are
‘several reasoﬁsvfor the failure of Layer's approach:
1. The self inductance of his solenoid is too high (by a factor.of

‘ovef'lOOO), which decreases the amplitude‘of the modulation rotation

to 0.2°, which is too low by about a factor of 10.
2. The modulation frequency of 500 Hz is much too low to give a

reasonable signal within a response time ofvl ﬁéec. Fifty readings/s

seem to be the limit. |
3. The heat dissipation of the solenoids of 300 W with 10 A 1s too high

not to affect the optical p;operties of the diamagnetic glass inside

the solenoid and limits the dynamic rénge of bolérizer and analyZe;

to 1°. , |
Therefore, this present design of the solenoid, of tﬁe electronic

controller and of the power supplies had to be different. A complete

discussion is found elsehwere.7
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Table I. 100 W mercury lamp-data.*

Operating Voltage . 20-30 V ‘

Operating Current 2.5-3.3 A

Horizontal intensity 260 cd

Flux _ 2200 1m

Average Brightness 1100vcd/mm2

| Effective Arc Size 0.25%0.25 mm2

(WxHt) _ : _

Average Life | 200 hrs

Bulb Diameter 10 mm

* . ,
Osram, HBO, 100»W/23
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‘Table II. Optical properties of SF-6 glass.*

LSymbol Value Description
o 8.1 10_6 | %& thermal éxpansion
2 15 length (cm) 
n, refractive index (A = 656;25>nm)
no .refractive index (A = 643.85 nm)
ny 1.80609 refractive index (A = 587.56 nm)
n, 1.81357 refraétive index (A = 546.07 nm)
nF‘ refractive.index (A = 486.13 nm)
ng, refractive index (A = 479.99 nm)
n, refractive index (A = 435.84 nm)
np-n, 0.03172
n;-n. 0.00911
np-n, 0.02261
.nF-ne 0.01513
n, g 0.01934

. n, -1
v, 25.41 P
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Table II. Continued
~ Symbol Value Description
n -1 T . _
v 25.22 € ——— Abbe number
e . an ncv
P 5.18 density —53
cm
Tg . 423 transformation temperature (°C)
T, 0.996 transmission for a thickness of
+ o 25 mm (A = 546.07 nm)
v 0.09 . Verdet constant mig
v Oe-cm

£ £ 3

1 Qe

79.577472

* o
_ Schott & Gen., Mainz

, West Germany.

3

(]
’H
o

_—_‘ .

(SI~-unit)
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Table III. Solenoid data.

Water
Terminal Inlet Outlet
Current Voltage Field (at center) Temp. Temp. Rise
30 A 0.8V 300 Oe* : 15°C 15°C 0
60 A 1.7 v 600 Oe 15°C 18°C 3°C
90 A 2.4V 900 Oe 15°C  24°C 9°C
120 A 3.6 V 1200 Oe 15°C  34°C  19°C
150 A 4.1V 1500 Oe 1 15°c 44°c 29°C
* A 100 A
1 Oe = 79.577472 = —— = (SI-unit)
m 4 m
Water inlet pressure 30 1lb gage
Water flow 1 2/5 min
Coil resistance 0.030 Q

Coil inductance (DC) 1.05 mH(at 200 Hz)
Coil inductance (AC) 37.2 uH (calec.)
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Table IV. Calculated variation of the magnetic field
inside the DC coil (relative units).

R Z B B

AX “RA
0.00 0.00 253.707 ~0.000
0.00 0.25 . 253.090 ~0.000
0.00 0.50 251.224 ~ 0.000
0.00 0.75 248.061 0.000
0.00 1.00 243.530  °  ° 0.000
0.00 1.25 . 237.537 " 0.000
10.00 1.50 229.980 0.000
0.00 1.75 220.769 0.000
0.00 2.00 209.856 0.000
0.00 2,25 ©197.279 ~0.000
0.00 2.50 . 183.205 ~ ~0.000
0.00 2.75 © 167.963 0.000
0.00 3.00 152,039 0.000
0.25 0.00 254.149 ~0.000
0.25 0.25  253.402 . 0.616
0.25 0.50 251.547 1.248
0.25 0.75 248.403 1911
0.25 1.00  243.896 - 2.616
0.25 1.25 237.928 3.372
0.25 1.50 230.395 4,181
0.25 L5 221,197 5.029
0.2s . 2.00 - 210.277 °  5.886
0.25 2.25 197.660 6.698
.25 2.50 183.503 ° . . 7.389
0.25 2.75 168.138 - 7.873

0.25 3.00 '152.063 8.076
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R z L Bea
0.50 0.00 254.931 0.000
0.50 0.25 254.330 0.221
0.50 0.50 252.510 2.474
0.50 0.75 249.423 3,789
0.50 1.00 244,989 5.193
0.50 1.25 239.105 6.705
0.50 1.50 231.648 8.330
0.50 1.75 222.498 10.048
0.50 2,00 211.564 11.802
2.50 2,25 198.833 ©.13.485
0.50 2.50 184.431 14.937
0.50 2.75 168.683 15.961
0.50 3.00 152.137 16.390
R Radial distance from solenoid axis (inches)
(1 inch = 2.54 cm)
2 Axial distance from coil center (inches)
BAX Axial magnetic field (relative units)
B Radial magnetic fieldb(relative units)

RA




Table V. Galvanometer characteristics.

_ Flat (+5%)
Nominal Undamped Frequency Nominal Coil

Maximum .
Peak-to-Peak
Deflection (in.)

Natural Frequency (Hz) Response (Hz) Resistance (§) Sensitivity
M24-350 24 - 0-15 135.0 4.92 in/mV
M1650 1650 0-1000 26.8 4.0 in./V

1%*):

o
L
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Table VI. Status of ellipsometef variables, externally adjustable.

Channel No. 1, Polarizer (yellow)

Phase 1.78
AC @Gain 0.00
AC Amplitude ’ | 3.00
DC-Power Supply Helipot 5.16
DVM-Calibration ("Range Fine") 6.20
Channel No. 2, Analyzer (blue)
Phase 5.50
AC Gain . 0.00
AC Amplitude 4.00
DC Power Supply Helipot 4.97
DVM-Calibration ("Rahge Fine') 4.94
Correction Factors3
dp 0.00°
dA 0.00°
dqQ 0.00°
Mefcury Lap Power
Coarse Adjustment Hg
Fine Adjustment, Position for 6
Ignition
(After 0.5 Minj) 4
Voltage (After Ignition) 10 v
' (After 0.5 Min.) 25-30 V
Current (For Ignition) 6 A

(After 0.5 Min.) _ 2.6-3.0 A
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Table VII. Print list.

859883

853133
- 853161

859834
859842
859892

859862

859871
859933

853063

Magnet coil

IMRD

Interfacial phenomena
Galvanometer amplifier-filter
IMRD

Faraday cell controller

Slot 13 PCB

Logic diagram

Slot 15 reference channel . -
Slot 5 signal

Slots 9 and 11 signal channels
Slot 17 ECB oscillator card

Controller chassis wiring :.

Digital voltmeter panel
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FIGURE CAPTIONS

Fig., 1. Effect of parabolic transfer curve (schematic).

1. Off minimum to the left, resulting in a negati&e output signal.

2. 'Minimimum, resulting in a zero output signal.

3. Off minimum to the right, resulting in a positive output signal.
Fig. 2. Block diagram of self-nulling ellipsometer.

A Analyzer

AF  Analyzer Faraday cell

c Collimator

CT Controller

DVM Digital voltmeter (2)

F Filter (A = 546.1 nm) | S
G Galvanometer—-oscillograph (Chanﬁel 1-6)

L High pressure ﬁercury arc lamp

0 Oscillator

P . ‘Polarizer

PA Power amplifier

PF Polarizer Fafaday cell

| PM Photodetector
PS DC current power supply
Q Compensator
S Sample

T Telescope
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Fig. 3. Output spectnmﬂof 100 W mecury lamp (Osram HBO 100 W/2).
Fig.'4. Spectral transmission of interference filter (Oriel, Model No. 2203).
Fig. 5. Faraday cell magnet (print No. 859883).

Fig. 6. Controller system block diagram.

ALy o
} Amplifier (gain 1-100X%)

A2
AF Analyzer Faraday magnet
F Follower (gain 10%)
Inf‘l}
Int 2 Integrator (0.001-0.5s)
I1 ‘
IZ} Inverting eperational emplifier
L1 _
LZ} Phase sensitive detector
‘LD - Level detector
M1,
M2 } Modulation amplifier
0 Oscillator
PF - Polarizer Faraday cell
PM Photomultiplier
Psi ," DC-current power supply with manual
PSZ current control '
Q ' Quadrature circuit
SWG1 )
SWCZ} ngare wave generator -
TA  Tuned amplifier
TD1

TD? Multivibrator with phase adjustment
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Fig. 7. Controller front panel.

Fig. 8.

Fig. 9.

Block diagram of self-nulling ellipsometer recording system.

AF Analyzer Faraday magnet

D3} Differential amplifier

D4

: DAl} Data amplifier (10-1000%)
DA2

DA3} Data amplifier (1-300X)

DA4

F1 } Filter (time integrator 0.001-10s)

F2

G Galvanometer amplifier (0-1X%)

PF Polerizer Faraday magnet

\ Visicorder: Light beam oscillograph
X Additional signal imput |

Digital voltmeter front panel

Analyzer adjustments fA) and polarizer adjustments (P)

1 input selector

2 attenuator (1, 10, 100, 200)

3 potentiometer (fine adjustment) for angle calibration
4 potentiometer (coarse adjustment) fbf éngle calibration
5 range adjustment for digital voltmeter

6 zero adjustﬁent for digital voltmeter

7 switch to exchange the inputs (A < P)

4P

AA} front panel BNC-input
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Fig. 10. Gain-bandwidth diagrém,
| a basic curve
b effect of inceeased gain (light level, AC—amplitude,
photomultiplier voltage)

¢ effect of decreased gain
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Fig., 1
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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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