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. ABSTRACT 

The advantages of rapid spectral scanning have been combined with 

the inherent accuracy of a compensating ellipsometer operated in the 

polarizer-compensator-sample-analyzer configuration. Wavelength is scanned 

over the visible-UV (370-720 nm) at a maximum rate of 114 nm/s by rotating 

a continuously-variable interference filter. A three-reflection Fresnel 

rhomb serves as the achromatic quarter-wave compensator. A microcomputer is 

used to collect spectroscopic measurements, perform instrument calibrations, 

digital filtering and data interpretation. 

* Present address: Sandia Laboratory, Livermore, CA 94550. 
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Spectroscopic ellipsometers are used to determine spectral properties 

of surfaces (1) and thin films (2). Characteristics of different types of 

instruments have been compared by Aspnes (3). Most spectroscopic ellip

someters presently in use are of the non-compensating (photometric) type, 

employing a rotating analyzer (2,4,5), a rotating polarizer (6), or polari

zation modulation (7,8). Compensating ellipsometers, which are inherently 

more accurate (9) and do not require linear response of the photodetector 

(3) are mostly operated manually (10,11) at selected wavelengths, as had 

been done earlier (12,13). The present self-compensating spectral-scanning 

ellipsometer has resulted from extensive modification of a previously- built 

instrument (14) which had been based on principles proposed earlier (15). 

The design which has been used made it possible to combine the advantages of 

rapid spectral scannillg with those of compensating measurements. 

Optical Components 

The ellipsometer employs the polarizer-compensator-sample-analyzer 

configuration, the arrangement of optical components is shown schematically 

in Fig. 1. Collimated monochromatic light is linearly polarized by a Glan

Thompson prism (polarizer). An achromatic quarter-wave retarder (compensator) 

produces elliptically polarized light incident on the sample surface. After 

reflection on the specim~n, the light is linearly polarizea and is extinguish

ed by a second Glan-Thompson prism (analyzer). A photomultiplier tube is used 

to measure the intensity of the light transmitted by the analyzer, after col

lection by a second telescope. Azimuths of the transmission axes of polarizer 

and analyzer and the azimuth of the fast axis of the compensator are measured 

at compensation (extinction) and used to calculate the ellipsometer para

meters, delta and psi (relative phase and amplitude). 
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The Faraday cells produce a magneto-optic rotation of the plane of 

polarization which is additive to the mechanical rotation of polarizer and 

analyzer prisms and is electronically controlled. The design of the solenoids 

has been reported before (14). Modulation currents of 10 kHz and 90 degree 

phase difference are applied to both Faraday cells, resulting in an oscilla-

tion of the effective polarizer and analyzer azimuths of 1-4 deg. p-p. 

Error signals derived from the response of the photomultiplier to about ten 

oscillations are generated by phase sensitive detection with integration and 

used to control bipolar operational amplifiers (±150 A) which drive the 

effective polarizer and analyzer azimuths to compensation. The fast response 

of the self-compensating circuit (slew rate for the Faraday cell rotation 

1400 deg/s measured at 546.1 nm (16)) is essential for rapid spectral scanning. 

Spectral scanning is achieved by rotating a continuously-variable 

interference filter, (17) positioned be~een a white light~source (75 W, current 

stabilized high-pressure Xe arc(18)) and the colimating telescope of the polari

zer (Fig. 1). The maximum scan rate was 114 nm per second (1 pass through 

the spectral range every 3 seconds); lower noise levels can be achieved by 

use of a lower scan rate (23 nm per second or 1 pass through the spectral range 

every 15 seconds). The optical properties of this filter are given in Table 

I; as it revolves, the wavelength passed varies linearly from approximately 

370 to 720 nm during the first half turn of rotation, and then decreased to 

• 

370 nm during the second half turn of rotation. A digital incremental encoder (19L, 

which is coupled to the rotation shaft of the filter with a flexible linkage, 

is used to measure angular position and, thus, wavelength. Transmitted wave

length has been calibrated in terms of angular position with known spectral 

lines. At present, the useful spectral range is limited to about 410-700 nm 
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by the absorption of the Faraday cells in the UV and the sensitivity of the 

photomultiplier in the near IR. Advantages of the interference filter over 

other types of monochromators include high transmittance, straight-through 

beam path, small space requirement (2.5 cm), continuous bidirectional spectral 

scanning (no discontinuities in wavelength upon continuous rotation) and lack 

of polarization. Since the spectrum is scanned twice in opposite directions 

during a single revolution of the filter, some artefacts caused by filter 

imperfections or instrument response can be identified. The principal dis

advantages of a continuously variable interference filter are the relatively 

broad bandwidth of the transmitted wavelength, (6 nm to 17 nm, see Table I) 

and the possible deqradation of the filter coating with age. 

The dependence of the specific rotation (effective Verdet coefficient, 

rotation per unit solenoid current) of the Faraday cells on wavelength has 

been determined experimentally and is shown in Fig~ 3 for SF-6 glass cores, 

(1.91 cm diam., 15.24 cm length). Rotation of the analyzer and polarizer 

azimuths is linearly dependent on solenoid current over the entire dynamic range 

of the Faraday cells, which is ± 18° at 700 nm and ± 70° at 400 nm. Alternate 

glass cores listed in Table II have been used to provide better UV transmis

sion but smaller rotation. All the glasses were annealed to reduce strain 

birefringence to less than 5xlO-6 nm/m. A mechanical rotation of analyzer and 

polarizer prisms by use of stepping motors is initiated at the limits of the 

dynamic range of the Faraday cells, thus providing automatic operation of 

unlimited range. 

A three-reflection Fresnel rhomb (20) with extremely low axial skew has 

been used as the achromatic quarterwave compensator. 

It was found that the photomultiplier previously used for ellipsometry 

at a fixed wavelength of 546.1 (21) nm had to be replaced to avoid the loss of 
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signal in the red part of the spectrum. An lI ex tended red ll photomultiplier (22) 

greatly improved spectral scanning results. A gain-leveling circuit was in

corporated into the Faraday cell controller to maintain wavelength-independent 

detector response, but its use was not normally required. 

Computer System 

The high rate at which ellipsometer data are generated during rapid 

spectral scanning requires the use of a digital data acquisition system 

shown schematically in Fig. 4. The current passed through the polarizer and 

analyzer Faraday cell solenoids to produce nulling are monitored by a micro

computer (23) over two channels of an 8-channel analog-to-digital converter. 

Faraday cell currents are converted post-experiment to analyzer and polarizer 

azimuths and, thus, ellipsometer parameters delta and psi under consideration 

of the wavelength-dependence of the effective Verdet coefficient. Wavelength, 

which varies linearly with the angular position of the filt~r, is monitored 

by counting pulses from the rotary incremental encoder. The encoder is inter

faced to the computer via an addressable pulse counter. For each revolution 

the encoder generates an index pulse in one channel and 400 pulses in a second 

channel. Angular position is determined by counting the high-repetition 

pulses and using the index pulse to reset the count for every revolution; 

software interprets this count (0 to 400) as wavelength on the basis of cali

brations. The frequency of the high-repetition pulses is used as a measure 

of scan rate. 

Digital filtering is done by averaging all data collected between 

encoder pulses (1.7 nm spectral increment). Sampling of channels was limited by 

the AID conversion rate (about 1000 readings per second). Further noise re

duction is possible by averaging several scans. 

• 

• 
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Data are periodically transferred from the buffer memory to double 

density floppy disks (24) in unformatted form. To increase the storage 

efficiency of the disk, wavelengths are recorded in abbreviated form. Data 

can be displayed on the screen of a graphics terminal (25), as high-quality 

output from a digital interactive plotter (26), or as numeric output from a 

teletype (27). The graphics terminal also serves as the control console of 

the instrument. 

Simulated spectral ellipsometer data for different optical film models 

are computed and displayed for comparison with measurements. 

Applications 

Spectroscopic ellipsometer measurements during the growth of lead deposits 

on a copper substrate are illustrated in Fig. 5. They show how the micromor-

phology of thin films can be determined (28). The spectral features of the 

substrate are still visible through a 31 nm thick layer obtained in the 

absence of dye, because this layer is highly porous, while the compact layer 

with the same metal content, obtained in the presence of a dye is optically 

opaque. 

Wavelength-independent film properties of optical models such as film 
, 

thickness and porosity, have been derived from spectral scans by treating meas-

urements at different wavelengths as independent measurements. Thus, from 

a single spectral scan, by use of multi-dimensional data fitting, statistically

defined confidence intervals for such properties can be established (29). 

The vastly increased information content of spectrascopic ellipsometer 

measurements compared to monochromatic measurements is illustrated in Fig. 

6. Measurements for three films of different thickness are compared to 

simulations for a simple compact film model. It can be seen that at selected 
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wavelengths, agreement between model and measurement can be found, but this 

agreement does"not extend over the entire spectral range, which it does for 

a more satisfactory model (28). 

For the sake of brevity, only the relative phase parameter ~ is shown 

in the above examples. The relative amplitude parameter W, measured simul

taneously, shows similar spectral variations. 

The spectroscopic ellipsometer has also been used to study the adsorption 

of dyes on metal surfaces from aqueous solutions. Uniaxial, anisotropic, 

absorbing (dichroic) film models (30) have been used for deriving number 

density and orientation of adsorbed molecules (31). 
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Table I. Spectral Characteristics of the continuously variable 
interference filter monochromator (Optical Coatings Laboratory, 
Bonded CVF with 1 mm Slit) 

Angular Center Wavelength Wavelength Bandwidth Peak 
Pos i tion (1/2 PWR) (1/2 PWR) Transmission 

II 

degrees nm nm percent 

5 377.77 ·5.84 12.60 

30 423.90 6.89 39.66 

60 483.90 8.12 43.78 

90 542.67 9.77 41. 74 

120 603.54 11 .92 41.65 

150 664.48 14.29 44.03 

175 716.02 16.53 48.56 

185 710.61 16.21 48.81 

210 658.75 13.87 45.24 

240 597.20 11 .42 42.86 

270 536.66 9.58 41.25 

300 476.99 7.98 43.63 

330 417.58 6.68 36.98 

355 372.77 6.37 7.69 
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Table II, Properties of Faraday Cell Glass Cores {32,34}. 

, Internal Transmittance {%} 
Glass Verdet Coefficient {min/Oe cm} for 2.5 cm thickness 

at Wavelength, nm at Wavelength, nm 

450 500 600 370 400 440 

BK 7 0.031 0.024 0.016 96 98.4 98.9 

F 2 0.076 0.058 0.038 91 97 98.3 

SF 2 0.085 0.065 0.043 85 97 99.0 
I 
~ 

~ 

I 

SF 6 0.142 0.108 0.070 4 56 93 
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Figure Captions 

Fig .. 1. Spectral-scanning, self-nulling ellipsometer, optical components 

and electrical connections. 1. High pressure Xe lamp, 2 rotating 

interference filter, 3. collimator, 4. polarizer Glan-Thompson 

prism, 5. polarizer Faraday cell, 6. Fresnel rhomb achromatic 

retarder, 7. electrochemical cell, 8. analyzer Faraday cell, 9. 

analyzer Glan-Thompson prism, 10. collimator, 11. spectrally "flat" 

detector, 12. rotary incremental digital encoder, 13. spectral 

scanner drive motor. 

Fig. 2. Circuits of self-compensating ellipsometer. 

Fig. 3. Specific rotation and dynamic range of the polarizer Faraday Cells, 

with SF-6 glass cores (15.24 cm long) for wavelength 400 to 700 nm. 

Fig. 4. Schematic of LSI-ll/2 data acquisition and reduction system. 

Fig. 5. Measured ellipsometer parameter delta for Pb deposits on Cu. 

Deposit thicknesses, 0 (bare substrate), 31, 60 and 110 nm based on 

charge passed. Deposition from 1 M NaC104, 0.005 M Pb(N03)2' pH3 at 

-600 mV vs. Ag/AgCl. Dotted lines - no dye added, solid lines - 10 

~M Rhodamine-B added. 

Fig. 6. Spectroscopic simulations (solid lines) for compact Pb films of 0, 

1, 5, 10, 20, 31, 60 and 110 nm on Cu and experimental measurements 

(dotted lines) for cathodic deposits of 31, 60 and 110 nm equivalent 

thickness (compact layer based on coulometric measurement of deposit). 

w' 
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