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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
po]arizér—compensator—samp]e—ana]yzer configuration. Wavelength is
varied over the visible-UV (370-720 nm) at a maximum rate of 114 nm/s
by rotatihg a continuously-variable interference filter. A threef
reflection Fresnel rhomb serves as the achromatic quarter-wave compensa-
tor. A microcomputek is used to collect spectroscopic measurements,
perform instrument calibrations, digital filtering and interpret data.
Wavelength-independent parameters of multiple-film optical models have
been determined‘by treating measurements of delta and psi at different
wavelengths as independent measurements. Experimental and predicted

ellipsometer measurements are compared by use of statistical techniques

for the determination of optimum values and confidence Timits of model

parameters.



Introduction

Spectroscopic ellipsometry can be used to détermihe structure and
composition of thin films. For instance, Aspnes, et al. (1) have
determined the microroughness of fine-grained polycrystalline and
amorphous silicon films. They found that the microroughness, or micro-
morphology, can be accurately modeled as an equivalent film using either
the Bruggeman or Maxwell-Garnett effective medium theories. In this
study, spectroscopic ellipsometry has been used to determine the micro-
morphology of electrochemically deposited thin films of Pb on Cu.
Several different optical models were investigated for the interpretation
of the measuremehts, and a multilayer model was found to give best
agreement with weasurements.

Extensive modification of a self-compensating ellipsometer built
previously (2) anc based on principles proposed ear]ier by Layer (3),
has made it possible to combine rapid spectral scanning with the in-
herent accuracy (4) of compensating measurements.

Optical Components

The ellipsometer employs tHe po]arizer-compensatok—sample-ana]yzer
configuration, fhe arrangement of optical components is shown schemati-
cally in Fig. 1. Collimated monochromatic 1ight is linearly polarized
by a Glan-Thompson prism (po]érizer). An achromatic quarter-wave
retarder (compensator) produces elliptically polarized Tight incident
on the sample surface. After reflection the light is linearly polarized
and can be extinguished by a second Glan-Thompson prism (analyzer). A
photomultiplier tube is used to measure the intensity of the light trans-

mitted by the analyzer, after collection by a second telescope.
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Azimuths of the transmission axes of polarizer and analyzer and the
azimuth of the fast axis of the compensator are méasufed at- compensation
(extinction) and used to calculate the.ellipsometer parameters, delta
and psi (relative phase and amplitude).

The Faraday cells produce a magneto-optic rotation of the plane of
po]atization which is additive to the mechanical rotation of polarizer
and analyzer prisms and is electronically controlled. Modulation cur-
rents of 10 kHz and 90 degree phase difference are applied to both
Faraday cells, resulting in an oscillation of the effective polarizer
and analyzer azimuths. Error signals derived from the response of the
photomultiplier to about ten oscillations are generated by phase sensi-
tive detection with integration and used to drive the effective polarizer
and analyzer azimuths to compensatioh_ by control of the Faraday cell .
currents. |

Spectral scanning is achieved by rotating a-continuously-variable
interference filter, positioned between a white light-source (75 W, current
stabilized high-pressure Xe arc*)and‘the collimating telescope of the
polarizer (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 thrbugh
the spectral range every 15 seconds). The.optical properties of this
filter are given in Table I; as- it revolves, the wavelength passed varies
lTinearly from approximately 370 to 720 nm during the first half turn
of rotation, -and then decreases to 370 nm during the second half turn
of rotation. A digital incremental encodErf* which is coupled to the

rotation shaft of the filter with a flexible 11nkage, is used to measure

*oriel C-72-20
* %k
STRE-2014-010
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angular position and, thus, wave]ength. Transmitted wavelength hés been
calibrated in terms of aﬁgu]af position with khown spect}al lines;' At 
present, the useful spectral range is limited by the absorptionIOfAthe
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), continuoﬁs 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 ff]ter, possible artefacts
caused by filter 1mperfecfions or instrument response can be identified.
The principal disadvantages of a continuoUsTy variable interference
filter are the relatively broad bandwidth of the transmitted wavelength,
(6 nm to 17 nm, see Table I) and the possible degradation of the filter
coating with age.

The dependence of the effective Verdet coefficient (rotation per
unit solenoid current) of the Faraday cell glass cores on wavelength has
" been determined experimentally and is shown in Fig. 2. Rotation of the
analyzer and polarizer azimuths is linearly proportional to solenoid
current over the entire dynamic range of the Faraday cells, which is
+ 18° at 700 nm and + 70° at 400 nm.

A three-reflection Fresnel rhomb with extremely low axial skew
( <0 .01 deg., Continental Optical Co.) has been used as the achromatic
_quarter-wave compensator  However, imperfections in the fabrication of
the device have required re-alignment before four-zone measurements could

be conducted.
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It was found that the photomu1t1p11er prev1ously used for el]1psometry
at a fixed wavelength of 546.1 nm (RCA 931-A, range 300 to 650 nm, peak
at 400 nm) had to be rep]aced to avoid the loss of s1gna] in the red part
of the spectrum. An "extended red" photomultiplier (Hammamatsu R5928,
range 185 - 930 nm, peak at 400 nm) greatly improved the spectral scanning
range. A gain-leveling circuit was incorporated into the Faraday cell
controller to maintain wavelength- 1ndependent detector response but its
use was not norma]]y requ1red -

Computer System

Thejhigh rate at Which,e111psométer‘data are generated during rapid
spectral scanning requires the use‘of a digital data acquisition system.*
Thé current passed through the polarizef and.analyzer Faraday cell sole-
noids to produce nulling are'monitored by the tbmpuier over two chéhhé]s
of an 8-éhanne1 analog-to-digital convertef.** Féraday'cell currents are
converted post-experiment to analyzer and po]arizer azimuths by taking
into consideration the wavelength dependence of the specific rotation
(effective Verdet coefficients); these azimuths are then converted to
delta and psi. Wavelength, which varfes Tinearly with thebangula%'posi-
tion of the filter, is moni tored by counting pulses from the rotary
incremental encoder. The encoder is interfaced to the computer via an .
addressable pulse counter. For each revolution the encoder generates
an index pulSe in one channel and 400 puTses in a second channel. Angular
position is determined'by counting the high-repétition.pu]seé 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 calibrations.

*Digital LSI-11/2
**Datel MST-LSI2?
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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 pQ]ses. Sampling of channels was Timited by the A/D convefﬁion
rate (about 1000 readings per second). Further noise reductipn is
possible by averaging several scans.

Data are periodically transferred from the buffer memory to double
density floppy disks in unformatted form. To increase the storage
efficiency of the disk, wavelengths are recorded in abbreviated form.
Data can be disp]ayed on the screen of a graphics termina1,* as-high-
quality output from a digital interactive plotter,** or as humeric output
from a te]etype.qr The graphics terminal also serves as the control

console of the instrument.

Electrochemical Film Deposition

Thin films of lead on copper substratés were prepared by
potentiostatic deposition (-600 mV vs. Ag/AgCl) from an e]ectro]yfe
consisting of 5 mM Pb(N03)_2 and 1 M NaC10, at a pH of 3. Details
of the electrochemical cell are given elsewhere (5-7). Electrochemical
£ilm formation has the advantage that the amount of material deposited
can be determined independently from the charge passed

Based upon charge passed, the film thicknesses would have been 31,

60 and 110 nm if the deposit had formed uniformly and had been compact.

*Digital VT 55
* %

Tektronix 4662
Y77 43
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However, it was found that the deposit was,not,homogeneous and compact,
and multilayer optical models had to be used to explain the spectroscopic
ellipsometer measurements.

Single-Layer Optical Models

. Predictions based upon the following three optical models for single
layer films (Fig. 3) were-compared to experimental spectroscopic.ellip-
someter measurements. ,The first was a compact film model, in which the
entire deposit was treated as bulk .Pb and there was only one adjustable
parametef, the deposit thickness. Figure 4 shows spectroscopic simula-
tions of delta for various assumed thicknesses (solid lines labeled. O,

1, 5, 10 nm, etc.). Comparison witﬁ experimental measurements also shown
on the figure (dotted 1ines for 31, 60, and 110 nm compact thicknesses)
illustrates that this model is inadequate..

The second single-layer optiéa] model Was a porbus film in which
porosity was taken into consideration by use of an effectivérrefractive
index. Pores were treated as microinclusions of electrolyte in a Pb
host medium and the optical properties of an isotropic homogeneous film
were computed by use of the Manel]4Gafhett or Bruggeman equations. -
These equationé have been used in the 11teréturevfor modeling rough sﬁrfaces
and particulate films (1, 8-10). The mp&el involved two adjustéb]e péra—
meters, the deposit thickness and porosity. Spectroscopic simulations

of the ellipsometer parameter delta for this model are shown in Fig. 5
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for an amount of deposit corresponding to a 31 nm thick, compact Pb Tayer
(based upon coulometric measurements) redistributed on a Cu substrate

as deposits of various porosities. Simulations are represented by solid

lines and experimental measurements are represented by dotted lines.

It is evident that this model alone is also inadequate to explain experi-
mental measurements of delta and debosit thickness based on charge.

The third model was based on the coherent superposition of
polarization states resulting from reflection of adjacent film-covered
and bare elements of a patchwise covered surface (11, 12). The island
fi1h may be compact, porous or anisotropic. In the latter case, at
least six unknown film parameters would have to be determined, which
results in unacceptable parameter variances. The dimensions of the -islands
are assumed to be smaller than the transverse and longitudinal coherence
of the incident Tight at fhe specimen surface. For the spectroscopic
ellipsometer, the Iohgitudinal coherence ranges from 16 microns at 400
nm to 49 microns at 700 nm (13); the transverse (lateral) coherence

ranges from 10 microns at 400 nm to 17 microns at 700 nm (14). These
estimates assume (conservatively) a bandwidth twice that of the source
(20 nm). Since complementary SEM studies of the films investigated here
have shown the dimensions of dendritic islands to be less than 15 microns,
the coherent superposition model is justified for the present

experiments.
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Spectroscopic simulations of delta for films corresponding to a 31
nm thick, uniform, compact Pb deposit (based upoh coulometric measure-
ments), redistributed on a Cu substrate as‘compact islands, are shown
in Fig. 6. The island mode] used for these simulations employed two
adjustable parameters, fractional surface coverage and island thickness.
Combinations of these two parameters which were consistent with the amount
of Pb known to be in the film from coulometric measurements were used.
It can be seen that this model is also incapable of explaining the experi-
mental measurements. | .
For all single-layer optical models, disagreement of the computed
spectral dependence of psi was similar to that shown for delta. Note
that interpretations of measurements at a single wavelength often appear
possible, although the entire spectral range cannot be fitted.

Multiple-Layer Optical Models

A three-layer model is illustrated in Fig. 3d. The first layer was
assumed to be an isotropic film representing the underpotential deposit.
Optical properties of this layer were determined in a separate study (15).

The second layer was assumed to be a granu]ar,.porous deposit with
optical constants computed from the properties of Pb and electrolyte,
by use of the Bruggeman theory for a binary mixture, Eqs. 1-5. Incorpora-
tion of this layer into the optical model was motivated by 1ight scatter-

ing measurements (5).

O B (1 ) =0 (1)
b I, v e e ot - e N = . L
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So= LA (R -4y (2)
A- %{pr(1-3epb) + € (3epb‘- 2)] - (3)
B =208, & (4)
A = ef‘/?_ (5)

The root with the largest modulus was used as solution of Eq. 1 (i6).
The third layer represented dendritic Pb islands, visible in
scanning electron micrographs, and was modeled by an island film and

coherent superposition of polarization states (Eq. 6) resulting from reflec-

tion on adjacent surface elements with and without island coverage.
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A
=8

f r\),f‘+ (1-ef)ru,s o (6)

. ,<-g>

Use of coherent superpos1t10n 1mpl1es that the diameter of 1slands is
smaller than the spacial cqherence of the illuminating light. The total
amount of Pb contained in the three layers was‘adjusted to agree with
the coulometr1c measurements |

Although the three- layer model prov1des very good agreement between
pred1ct1ons and measurements, the computat1ons have shown that the opt1-
cal effect of the third (dendr1t1c 1sland) lTayer is often negl1g1ble,
because the surface coverage by islands is small (5410%) A s1mpl1f1ed
two layer model was therefore used for 1nterpretat10ns Only 3 unknown
parameters have to be determlned with th1s model (th1ckness of the f1rst
_ compact layer, thickness and porosity of the second, porous layer) as
opposed to six parameters requ1red for the three—layer modelr Desp1te
the.insignificant optlcal effect of the dendritic island layer it usually
contalned about 2/3 of the Pb depos1t known to be present from coulometr1c
measurement. A1l optical constants were determ1ned exper1mentally from
independent measurements, and were not treated as adJustable parameters

Optimization of the Two- Layer Model

Optimization of the wavelength 1ndependent parameters requ1red to
specify only the first two layers resulted in smaller parameter vari-
-ances than if all.three layers were included.. This,strategy is based on
the assumption that the third layer of islands has an insignificant opti-

cal effect. A1l deposited Pb not accounted for in the first two layers
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after optimization was assumed to be distributed in the dendritic islands.
Results of the optimization are shown in Figs. 7 and 8 (delta and
psi vs. wavelength). The solid lines represent experimental measurements

and the circles represent points calculated by a multidimensional optimi-
zation routine. Very good agreement was obtained by optimization of

the thickness and porosity of the second layer, which are wéve]ength—
independent adjustable parameters. Table II summarizes the resq]ts of
the optimization. Measured and calculated values of delta and psi‘at
particular wavelengths are tabulated for three thicknesses. The amount
of material, based on coulometric measurements, present ih these films
corresponds to compact layers of thickness 31, 60 and 110 nm. By‘mini—
mizing the sum-of-squares error (17) between the model predictidns and
measured values of delta and psi over the éntire spectral kange, one
determines theabptimum values of the wavelength-independent adjdstéblé'
parameters (thickness and porosity). Table II also gives the values

of the sum-of-squares error, the thickness and porosity of the second
layer with their statistically-determined confidence interval. Properties
of the first compact layer are those of the underpotential deposit (5,15).
Thicknesses and porosities of the second layer are thus found to be 31 nm
and 41 percent; 50 nm and 22 percent; and 87 nm and 3 percent, respectively.

Equation 7 defines the sum-of-squares error for the model; the

parameter variance is defined in Eq. 8.

S = 4Ly [ag i=dy, )7 + (¥ 479y, )°] (7)
2

SE(p) = ~ (<)
132%
.

oP
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Parameter confidence intervals (Eq. 9) are calculated from this variance

and the student t-statistic at a 95% confidence Tevel for "2N-P" degrees

of freedom, where "N" is the number of delta-psi measurements over the |
spectral range (from a single spectroécopic scan) and "P" ié the number of
adjustable parameters. Wavelengths of individual méasukements arerépaced atv
intervals greater than the source bandwidth; meaéurementS»at each wavelength

are treated as independent observations of the same surface.
o Al
8(p) = t(2N-P, 1-20)[SE(p)]™ 9

Values of both numerator and denominator of Eq. 8 are required and are

estimated by use of Eqs.. 10 and 11, respectiveiy

2

o? = S, 1/8f = Syp/(2N-P) | (10)
12% .S F S(=) ~ Zum an
2 2p* 2(8p)°

Note that the variance for any parameter increases dramatically as the
total number of model parameters P approaches the number of data points
(2N) used in the optimization.
"Conclusions

A novel fast spectral-scanning self-nulling magneto-optic ellipso-
meter, based on an earlier design has been built. The instrument is
fully computerized.

Spectroscopic ellipsometry allows one to calculate confidence inter-

vals of wave]ehgth-independent parameters for micromorphological optical
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models and to justify the use of more sophisticated optical models on
the basis of the greater degrees-of-freedom.

For‘threé electrolytically formed Pb deposits (compact thickness
31 nm, 60 nm, and 110 nm) the best agreement between measurements and
model predictions was obtained for a three-layer model or a two-layer
simplification of it. The distribution of deposited material between
compact, pbrous (granular), and dendritic island layers could be
determined.
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NOMENCLATURE
degrees of freedom, 2N-P
complex refractive index of porous film

comp]evaresnel reflection coefficient fdr,
polarization v-(s or p)

complex Fresnel reflection coefficient for
- film-covered surface

~ complex Fresnel reflection coefficient for

bare surface

- student t-statistic for "2N-P" degrees-of-

freedom at a "1-2a" level of confidence
comp]ex»pafamefers for quadratic equafion
number of pairs of.A and.w measurements
number of model parameters tobbe fitted
variance of parameter p

sum-of-squares between measured and calculated
- delta (AM j and B respectively), and

~ between measured and calculated psi (wM ;
and-\IJC ; respectively) summed over all

1th wavelengths

minimum value of Sy, corresponding to a
selection of optimum p values

value of S computed for the optimum
parameter value plus Ap

value of S computed for the optimum
parameter value minus 4p

level of confidence, 1-2a
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error in parameter "p" at a "]-20"
level of confidence

complex dielectric function of porous film
complex dielectric function of metallic Pb

complex dielectric function of electrolyte
solution

variance of model predictions for A and ¥

fraction of surface covered by film of
refractive index Ne

volume fraction of Pb in porous film

ellipsometer parameter, phase difference
between p and s electric field components
after reflection, relative to the incident
(degrees)

calculated value of A
measured value of A

ellipsometer parameter, amplitude ratio of
p and s electric field components after
reflection (tan y), relative to the
incident (degrees)

calculated value of ¥

measured value of ¥
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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 o ' . _  Peak
Position Center Wavelength Wavelength Bandwidth =~ Transmission
(1/2 PWR) (1/2 PWR)
degrees nm nm - percent
5 377.77 5.84 12.60

30 423.90 ‘ 6.89 39.66
60 | 483.90 4 ~ 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 1476.99 7.98 . ~ 43.63
330 417.58 6.68 36.98
355 : 372.77 6

.37 ' ' 7.69
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Figure Captions

Fig. 1. Spectral-scanning, self-nulling é]Tipsometer, optical componenfs
and electrical connections. 1. High pressure Xe lamp, 2. ;otating
interference filter, 3. collimator, 4. polarizer Glan-Thompson

_prism, 5. polarizer Faraday7ce11, 6. Fresnel rhomb achromatic
retérder, 7. e]éctrochemica] cell, 8. analyzer Faraday ceT], 9.
analyzer Glan-Thompson prism, 10. collimator, 11. spectrally “flat"

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

scanner drive motor

Fig. 2. Specific rotation (effective Verdet coefficient) for the polarizer
Faraday cell, wavelengths 400 to 700 nm. .

Fig. 3 Schematic of film models investigated for the interpretation
of spectroscopic eT]ipsometer measurements ofvthin Pb deposits
on Cu substrates. Number of adjustable parameters given
in parentheses. (a) compact single film (1); (b) pofous
single film, optical constants of effectivevmedium defermined
according to Maxwell-Garnett (2) or Bruggeman (2); (c) island
single film, ref]ectionvcoefficient determined by coherent
superposition of polarization states, islands compact (2),
porous (3) or anisotropic (6); (d) multilayer films, three
layers: compact and porous layers, dendritic islands (6)
or two 1ayé?s: compact and porous films (3).

Fig. 4. Spectroscopic simulations for compact film model (solid 1ines)
Pb deposits of thickness 0, 1, 5, 10; 20, 31, 60, 110 nm.
Experimental measurements (dotted lines) for 31, 60, 110 nm
equivalent compact Pb deposits (based upon coulometric measure-

ments) on Cu.

*
SF6 cores



Fig. 5.
Fig. 6.
Fig. 7.
Fig. 8.
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Spectroscopic simulations of porous film model (solid lines)

Volume fractions of Pb 0.1 to 0.9,amount of deposit correspond-

- ing to a 31 nm compact Pb layer on a Cu substrate. Simulations

(23
based upon the effective medium approximation (Bruggeman eq.).

Experimental measurements (dotted lines) for 0 and 31 nm equi- ¥
valent compact film.

Spectroscopic simulations of island film model (solid lines).

Surface coverage 0.1 to 1.0, amount of deposit corresponding

to 31 nm compact layer, Cu substrate. Simulations based on

coherent superposition of polériiation states. Experimental =
measurements (dotted lines) for 0 and 31 nm equivalent compact

film.

Spectroscopic simulation for optimum fit of ellipsometer para-

meter delta for a two-layer film model (circles) and measurements

(solid lines) for equivalent deposit thicknessésvof 0, 31,

60 and 110 nm. Film parameters derived from optimum fit of

model predictions to measurements given in Table II.
Spectroscopic simulation for optimum fit of e]]ipsometer para-
meter psi for a two-layer film model; other comments as in

Fig. 7.
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