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Abstract

The historical development of spectroscopic ellipsometry (SE) from the very early stages to the present will be briefly
reviewed. It is shown that SE is a truly powerful technique of great interest and use to physicists, chemists, electrochemists,
electrical and chemical engineers, etc., as will be evident from the following few of the many reasons. (a) Firstly, the full
spectra of the ellipsometric parameters A and ' as a function of wavelength from UV to IR can now be determined with a
high degree of precision and accuracy in a few seconds. (b) Such data can also be processed to provide (i) the most accurate
values to date of the dielectric functions (i.e. the real and the imaginary parts of the optical dielectric constant as a function of
wavelength) of semiconductors, metals and even wide band gap materials available only as thin films; (i) depth-profiles of
interfaces, thin films and multilayer structures with almost atomic resolution; (iii) the composition for any layers (bulk,
interface, or surface) that are composites or alloys; (iv) the microroughness of the surface layer; and (v) the true near-surface
temperature of the samples in their preparation chamber in the case of semiconductors. Furthermore, it will be shown that the
above results obtained by SE are reliable and trustworthy, by the excellent corroboration with the results of XTEM, RBS and
AFM studies on the same multilayer structures. In real-time spectroscopic ellipsometry (RTSE), which has just been
developed and perfected, most of the above capabilities of SE can be achieved again through analysis of data collected in a
matter of a few seconds, and hence RTSE is now ready for use in real-time monitoring and control during the growth of
multilayer structures, thin films, etc. Thus the full potentialities and capabilities of this non-destructive, non-perturbing and
non-invasive technique are yet to be realized. © 1998 Elsevier Science S.A.

Keywords: Spectroscopic ellipsometry; Dielectric functions; Characterization of surfaces, interfaces; Real-time monitoring and
control; Thin films; Multilayer structures; Non-destructive

1. Introduction studies in areas of importance to the development of
ellipsometry but on transparent materials only. Here
a few brief remarks about Drude are appropriate.
Paul Drude, born in 1863, wanted to be a mathe-
matician and hence started his studies in mathematics
in Gottingen. He then moved to Freiburg and Berlin

before returning to Gottingen in 1886, when he met

I think the best way to start this historical review of
spectroscopic ellipsometry (SE) is to start with the
very first fundamental ellipsometric study reported in
the literature, even though it was not called ‘ellipso-
metry’ at that time. The credit goes to Paul Drude

(Fig. 1) who not only derived [1] the equations of
ellipsometry, which are in use even today for the
interpretation of the results, but also carried out the
first experimental studies [2-5] on both absorbing and
transparent solids with and without any overlayers. At
this point I should acknowledge the contributions of
other earlier workers including Malus, Brewster, Fres-
nel and Lord Rayleigh who had also made pioneering
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Prof. W. Voigt who became his mentor and guide.
Under Prof. Voigt he became interested in theoretical
physics and started his dissertation work on the ‘Re-
flection and Refraction of Light at the Boundaries of
Absorbing Crystals’. The very first crystal he studied
to check his theory was antimony sulfide Sb,S;, an
orthorhombic (optically biaxial) crystal. The experi-
mental difficulties were great and yet he immediately
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Professor Paul Drude
(1863 - 18086)

Fig. 1. Professor Paul Drude (1863-1906).

realized that the state of polarization of the light
reflected from such crystals changed steadily with
time, from the instant it was freshly cleaved in air,
due to the formation of a contaminant layer. Further-
more, he realized that the contaminant oxide layer
was not quite homogeneous. Immediately thereafter,
he formulated the exact generalized theory of ellip-
sometry of absorbing materials covered with inhomo-
geneous films. Even though such equations were ex-
act, the computational facilities of that time period
were limited and hence he incorporated the necessary
approximations in the equations for the interpretation
of the results. Soon after that, he determined the
optical constants of a number of metals (18 to be
exact) and some alloys, all at two wavelengths. Some
of the metals studied were in both their impure and
pure forms, and a few in their molten and solid states.
All these results on metals were published in concise
form as one article [5]. In comparing these results on
metals with the corresponding values recommended
in the recent data-base compiled by Palik [6], one is
amazed by the closeness of the values, considering
that 100 years ago the purity of the metals might not
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have been as high as is available nowadays. The
quality, significance and implications of his articles
were so great that in 1889, Drude was chosen to be
the editor of the famous Annalen der Physik, succeed-
ing Professor Wiedemann who had just died. This
honor was bestowed on Drude even though he was
only 26 years old and had just five publications! His
‘Lehrbuch der Optik’, the very first book on optics
from the point of view of electromagnetic theory, was
published in 1900, considerable portions of which
were his own unpublished results. This book was
translated into English as the ‘Theory of Oprics’ by
Mann and Millikan in 1902 (Dover Publications) and
is popular even today. It is very unfortunate that Prof.
Drude died in 1906 at the tender age of 43 years, but
he has contributed so much to our knowledge not
only of ellipsometry, but also of the free-electron
theory of metals, optical dispersion, optical activity,
magneto-optics, etc., that his name lives on forever.
After these initial studies of Drude, this field of
ellipsometry research was essentially dormant for
nearly 75 years except for occasional reports, such as
that of Tronstad [7], who was the first to demonstrate
the power of this technique for electrochemical stud-
ies, and Rothen [8] who coined the word ‘ellipsome-
try’, to distinguish such measurements of the change
of the state of polarization of light upon reflection,
from the conventional measurement of polarimetry.
In 1971, Paik and Bockris [9] pointed out that the
normal incidence reflectance, R, can also be used as a
third experimental parameter for the analysis of ellip-
sometric data. With the advent of minicomputers in
the late 1960s, there were numerous efforts on the
automation of ellipsometers using various ap-
proaches. Excellent reviews [10-12] comparing the
advantages as well as the limitations of these different
types of automated ellipsometers are available in the
literature, and hence there is no need to repeat a
detailed discussion here. Of these, the following three
types of automated ellipsometer are most widely used
nowadays as spectroscopic ellipsometers (SE): (i) ro-
tating analyzer ellipsometer (RAE); (ii) rotating polar-
izer ellipsometer (RPE); and (iii) phase modulation
ellipsometer (PME). Furthermore, even as early as
1983, Aspnes [13] has stated that ‘the instrumentation
problems of SE in the visible-near UV spectral range
have largely been solved’. This statement is cor-
roborated by the fact that only a few papers on
experimental development have appeared since then
and these deal mainly with the increase either in the
speed of measurement (such as by the incorporation
of multichannel detectors for parallel collection of
data at a large number of wavelengths simultane-
ously) [14,15] or with the increase in the spectral
range of the measurements to the vacuum UV [16] or
IR [17] regions. Hence in what follows, we will con-
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sider only the results obtained by SE and their impli-
cations. The results obtained with real-time spectros-
copic ellipsometry (RTSE) will be discussed in Section
4.

2. General remarks on the SE data collection and
their analyses

2.1. Data collection

Table 1 lists the chronological development of SE,
the types of data obtained along with their precision,
the time required to collect them and the references
of first such measurements. It is seen that Aspnes and
Studna [18] were the first to make a major break-
through in SE measurement in 1975, wherein the time
taken for the measurement of each pair of ellipsomet-
ric parameters along the UV-visible-IR spectrum
was reduced by two orders of magnitude compared
with the conventional manual null instrument. Conse-
quently, by averaging over a large number of such
measurements, the precision obtained is very high —
up to £ 0.001° for both ellipsometric parameters A
and W. Aspnes and Studna [18] have also shown that
with proper alignment and calibration of the ellip-
someter components, with reduction of the various
systematic errors in the photometric ellipsometers
and by overcoming the non-linearity of the photomul-
tipliers [19], it is possible to increase the accuracy of
the ellipsometric data also to within + 0.01° for both
A and V. In other words, it has now become almost
routine to obtain the spectroellipsometric data (A, V),
over a wide wavelength range, with high precision and
accuracy, and again in a short time compared with
manual null measurements.

Table 1

2.2. Data analysis

The next step is to analyze these data with the help
of suitable models of the specimen to yield (i) the
dielectric function of the material under study, if the
measurements had been made on specimens free of
any overlayers, such as contaminant oxides and/or
surface roughness, or (ii) the depth profile of the
structure in terms of the thickness and composition of
each layer if the specimen is a multilayer structure.
The latter is done by using the least-squares regres-
sion analysis (LRA) of the data applying the standard
procedure [20,21] of screening a number of physically
realistic models. If any layer has two or more con-
stituents, then the effective dielectric function of that
layer can be calculated from the dielectric functions
and the volume fractions of the constituents with the
help of the Bruggeman [22] effective medium theory.
Starting with an idealized simple model for the sam-
ple under study, the experimental [cos A(A), tan ()]
spectra are fitted to the calculated [cos A(A), tan
W(A)] spectra of the model by gradually increasing
the complexity of the model as needed. The selection
of the final model is based on the simultancous ful-
filment of the following five criteria: (i) a physically
realistic model; (i) a low value of ¢ the unbiased
estimator of the mean square deviation; (iii) good
agreement between the calculated and the observed
[cos A(A), tan W(A)] spectra over the entire spectral
region studied; (iv) reasonably low values of the con-
fidence limits of the variable parameters; and (v)
acceptably low values of the cross-correlation coeffi-
cients between the evaluated parameters. Of course,
too many fitting parameters or correlated parameters
result in drastic increases in the confidence limits and

Chronology and other particulars of cllipsometry (E), spectroscopic ellipsometry (SE) and real-time spectroscopic ellipsometry (RTSE)

Year Technique Parameters Number of  Number of Time Precision Author
determined independent unknown taken ®) and
data parameters  (s) reference
determined  determined
1887 E AW 2 2 Theory and first experiment  Drude [1,2]
1945 E AN 2 2 3600 A 0.02 Rothen [§]
¥ 0.01
1971 E AV.R 3 2 3600 A 0.02 Paik and Bockris [9]
W 0.01
1979 SE (A)A=1-100 200 ~ 10 3600 A 0.001 Aspnes and Studna [18]
¥ 0.001
1984 RTSE {(AW)A = 1-400") = 1-100 80000 ~ 100" 3-600 A 0.02 Muller and Farmer [42]
v 0.01
1990 RTSE {(AV)A=1-1024"} = 1-100 200000 ~ 200 0.8-600 A 0.02 Kim, Collins, Vedam [14]
(OMA) ¥ 0.01
1994 RTSE {(AP.R)A = 1-1024%)r = 1-100 300000 ~ 200 0.8-600 A 0.007 An, Collins et al. [43]
(OMA) ¥ 0.003

*Maximum capability.
"d,(t) and /or d (1) vs. time.
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thus LRA must include a check against any tendency
to add parameters indiscriminately just for the sake of
reducing mean squares deviation. In order to further
assist in such an assessment, Jellison [23,24] has intro-
duced the biased estimator y? in which the devia-
tions between the data and the fit are normalized by
the experimental errors (if known). In this case the
correct model must have y? ~ 1.

3. Uses of spectroscopic ellipsometry
3.1. Basic studies

3.1.1. Dielectric functions of metals, semiconductors and
insulators

It is self-evident that the establishment of a data-
base of accurate dielectric functions of various mate-
rials is of primary importance for the progress of both
science and technology. It is well known that until
recently the dielectric function of any material was
usually determined by Kramers—Kronig analysis of
spectroscopic reflectance data, but this procedure
suffers from the series-termination error as well as
the difficulty of making corrections for the presence
of overlayers (contaminant oxides, microrough surface
layers or any microstructural defects). On the other
hand, SE measurements yield the most accurate val-
ues of the dielectric function to date since they are
for the most part free of both these sources of error.
In 1980, Aspnes [25] discovered that the value of the
pseudo-(apparent) dielectric function {e) = (e} +
i{e,) of semiconductors at the photon energy of the
E, peak, is highest when the surface is free of over-
layers. With this important clue as to how to use SE
to detect the presence of any overlayers on surfaces,
Aspnes and Studna were able first to develop suitable
in situ chemical cleaning procedures [26] in pure
nitrogen atmosphere by maximizing the value of {e,)
at the E, peak for a number of semiconductors, thus
producing the most abrupt dielectric discontinuities
between the bulk and ambient (i.e. the cleanest and
smoothest surfaces); and second to immediately carry
out the SE measurements over as wide a spectral
region as possible. In other words, Aspnes and Studna
[27] have successfully used SE to obtain dielectric
function data as close as possible to the bulk values,
with unsurpassed accuracy for most common semi-
conductors. As time progresses these data are cont-
inuing to be refined even further to take into account
the presence of submonolayer coverages of residual
overlayers, if any, as well as the surface effects due to
the specific chemical termination of the surface [28].
Further similar data on the dielectric function of a
number of other II-V, II-VI semiconductors and
insulators have been determined by Barth et al. [16]
by SE in the vacuum-UV region (5-35 eV) using the

BESSY synchrotron. The readers should also refer to
Palik [6] for the dielectric functions of various other
materials encountered in semiconductor technologies:

3.1.2. Temperature and doping effects

Once the bulk dielectric function of any semicon-
ductor is established, then the next step is to carry out
a systematic study of the effect of temperature as well
as doping and alloying on the dielectric functions and
hence on the interband critical point energies of the
semiconductors. Cardona and his associates [29,30]
and Aspnes et al. [31] have carried out such studies
using SE on a number of TII-V and II-VI crystals
and their alloys. Such studies, besides being of great
interest from the point of view of semiconductor
physics, are also of great practical use in providing a
means for determining the true surface temperature
of the growing crystal and also for bandgap engineer-
ing as will be shown later in this article.

3.2. Applications of SE

3.2.1. Reliability of the final results

Before describing the various applications of SE for
non-destructive characterization of surfaces, inter-
faces, etc., it is appropriate to make the following
remarks on the reliability or the trustworthiness of
the final results of such characterization by SE. At the
end of Section 2.2, it was mentioned that only if all
the five listed conditions are satisfied simultaneously,
then the evaluated numerical values of the variable
parameters are reliable. In spite of such categorical
statements, some doubts always linger in our minds as
to whether or not we have overestimated the capabil-
ity of SE in analyzing the multilayer structures. In
order to put to rest or at least reduce such doubts, it
is necessary to carry out one or more complementary
depth profile measurements on the same multilayer
structure and compare the results obtained with those
of the SE analysis. The outcome of one such study
[32,33] is shown in Fig. 2 which compares the depth
profiles from SE and cross-section transmission elec-
tron microscopy (XTEM) on the same specimen of
¢-Si (100) wafer implanted with 80 keV Si* ions to a
fluence of 1.4x 10" c¢m™2 at the rate of 160 mA
cm™%. The SE measurements and the data analysis
were completed before the same specimen was cut
parallel to the implantation direction and thinned by
ion milling for XTEM studies. It is seen that the
results for the thicknesses obtained by the two tech-
niques are in excellent agreement and further, in
contrast to XTEM, the SE analysis provides even
quantitative estimates of the relative amounts of
amorphous and crystalline phase in each layer. Thus,
it is seen that SE can provide information on the
depth profile of the multilayer structure, such as (i)



K. Vedam / Thin Solid Films 313-314 (1998) 1-9 5

the thickness and the dielectric function of each
bulk-like layer and, thus, (ii) quantitative estimates of
the volume fractions of amorphous and crystalline
material in these layers, (iii) thickness and character-
istics of the oxide (or any other contaminant) over-
layer, if present on the specimen, and (iv) the thick-
ness of the microroughness on the surface, if present
on the specimen. Similar corroborating studies
between SE and Rutherford backscattering (RBS)
studies [34] as well as atomic force microscopy (AFM)
studies [35] on the same specimens, have provided
convincing proofs of the reliability and trustworthi-
ness of other specific results obtained by SE. It should
be emphasized here that all these SE results were
obtained in a non-destructive and non-invasive man-
ner, and hence the sample could be used for further
studies. Furthermore, such SE studies can also be
carried out in situ and thus are useful for real-time
studies or material diagnostics.

3.2.2. Non-destructive characterization of surfaces

As has been shown by Aspnes [20], SE can unam-
biguously identify and also quantify the microrough-
ness of the surface of a chemical vapor deposited
(CVD) amorphous silicon film (a-Si), thus distinguish
it from an overlayer of SiO, on a-Si. Such conclusions
were also verified [33] by the direct observations from
XTEM of single crystal Si which was bombarded by
low energy Si™ ions to produce an amorphous silicon
layer on its surface and then exposed to atmospheric
air for well over 2 weeks. LRA of the SE data yielded
the thickness, d,, and the volume fraction of the voids
in the microrough surface layer on top of a-Si. Very
recently, Koh et al. [35] have found a correlation

between d, values determined by SE, and the results
of ex-situ atomic force microscopy (AFM) measure-
ments of surface roughness on the same amorphous
semiconductor thin films. They found that

d,(SE) =1.5d,,, (AFM) + 4 A,;

rms

for 10 A <d (SE) < 100 A;

where d,,, . is the root mean square roughness from
AFM. The slope of 1.5 resulted from the fact that
approximately 6% of the material (void) within the
roughness layer exists above (below) the upper (lower)
plane that bounds the layer. Such protrusions exist in
sufficiently low density so as to be undetectable by
SE.

3.2.3. Non-destructive characterization of interfaces
Recently it was reported that the oxidation of c-Si
can be enhanced considerably by implanting it with
medium energy Ge™ ions [36,37]. For example, if
one-half of a wafer of c-Si is implanted with a low
dose (5x 10" cm™?) of (35 keV) Ge* ions while
keeping the other half shielded from the implanta-
tion, and if the entire wafer is then oxidized for 20
min at high temperature (e.g. 1000°C), it was found
that the thickness of the oxide layer on the implanted
half was almost double that on the virgin half. XTEM,
RBS and single-wavelength-ellipsometry measure-
ments [38] could establish the presence of a smooth
interface region but not its chemical composition, and
thus the exact mechanism for the enhanced oxidation
was not known. On the other hand, SE measurements
[39] followed by LRA of the SE data, unambiguously

XTEM SE
Si0, 25 A Si0, 24 34
N CTSi+a-Si 1202204 c=Sigg +a=Sigiaso0s 19194
550 £ 50A  ¢=Si| 534003 511% 214
250 '—t SOA C"‘Sio_al + G“SiQ?Q‘iO.OB Z?Ot 5‘0&

{a)

Direct Technique
but NOT nondestructive

¢=-Si

o =0.020

Not Direct Technique
but Nondestructivs,
Quantitative and Inexpensive

(b) {c)

Fig. 2. Comparison of cross-section transmission electron microscopy and spectroscopic ellipsometry for depth profiling (c-Si crystalline
silicon; a-Si amorphous silicon). OPD: optical penetration depth in SE. (a) cross-section TEM micrograph of sample: (b) schematic diagram of
model for the sample as evaluated from XTEM; (¢) schematic diagram of model for the sample as evaluated from SE.
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identified the interface layer as crystalline Si,Ge,_,,
with x=037+0.03 of 18+2 A thickness, sand-
wiched between the c-Si substrate and the SiO, over-
layer of thickness 2396 +1 A for the specific case
described above. The composition and the crys-
tallinity of the interface layer could be established
from the SE studies by its unique dielectric function
relying on previous studies of the dielectric function
[40] of ¢-Si,Ge,, _,,. This example brings out the power
of SE to detect non-destructively and also to charac-
terize fully the extremely thin layer (~ 18 A) of crys-
talline Si-Ge alloy buried 2396 A below the SiO,
surface overlayer.

3.2.4. Non-destructive characterization of thin films and
multilayer structures

All the examples discussed to this point are based
on semiconductors. This does not imply that the use-
fulness of SE is limited to semiconductors only. In
fact, with the addition of an achromatic compensator
after the linear polarizer in the incident beam of an
RAE (in order to make the incident beam circularly
polarized instead of linearly polarized), the full poten-
tialities of SE can be achieved for the study of wide
band gap materials as well. Without such a procedure
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the errors [18] in SE measurements on transparent
materials become unacceptably large, since the errors
are proportional to 1/sin A and for transparent mate-
rials A = 0. Using such an optimization procedure, it
has been possible [41] to characterize fully a number
of inhomogeneous transparent oxide and fluoride films
on vitreous silica substrates, i.e. to determine (i) the
distribution of voids across the thickness of each film
and (ii) the dielectric function (or the dispersion of
the refractive index) of the film material. For many of
these materials, such data on the dispersion of the
refractive index were not available in the literature.
In general, such films can be modelled as a three
layer structure, i.e. a substrate/film interface layer
with some voids, below an assumed void-free middle
layer, and a microrough surface overlayer. The case of
a Y,0; film [41] on a vitreous silica substrate, which
can also be considered as a multilayer structure de-
serves special mention here. In this case the outer-
most rough surface layer itself could be further subdi-
vided into three sublayers, thus necessitating nine
parameters to characterize the geometrical structure
of the Y,0; film (see Fig. 3). Adding the three
parameters for the dispersion equation, implies that
12 variables are needed to fit the SE data. In spite of

—
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... Y70;62.0% + Air 380£33)% _ 18+2nm
Y,0391.4% + Air (8.6+0.6)% 136+ 6nm

" 7Y,0,95.4% + Air (4.6£0.3)%  55+2nm
Y,04100% 182+ 3 nm

Y,0,92.9% + Air (7.1£0.8% _ 47+2nm

////////////////
Vitreous Silica
// LY,

Fig. 3. (a) Observed and calculated cllipsometric [A(A), ()] spectra for the Y,0; film on vitreous silica. Angle of incidence 75°, (b) Best-fit

model of the Y,O; film on vitreous silica [41].



K. Vedam / Thin Solid Films 313-314 (1998) 1-9 7

this large number of fitting parameters, the results
[41] of the LRA of the SE data indicate that the
overall quality of fit, the 90% confidence limits of all
the 12 evaluated parameters, as well as the cross-cor-
relation parameters, are all within acceptable levels
indicating the reliability of the final results. This has
been possible due to the use of large number (90
pairs at different wavelengths) of accurate, indepen-
dent (A, W) data, thus bringing out the power of SE to
characterize even inhomogeneous transparent films or
materials non-destructively.

In summary, it is seen that SE can be used success-
fully to determine accurate dielectric functions of
semiconductors even if they are only a few atomic
layers thick. Furthermore, in the case of a multilayer
structure, SE measurements followed by LRA (or
least squares regression analysis) of the SE data, can
provide quantitative information on

1. the depth profile of the multilayer structure;

2. the thickness and composition of each bulk-like
layer;

3. the degree of crystallinity in each layer;

4, the thickness and properties of a contaminant
overlayer if present; and

5. the thickness of the surface microroughness layer.

In the case of inhomogeneous transparent films, simi-
lar SE measurements followed by LRA can again
non-destructively characterize the distribution of voids
in the film and also determine the dielectric function
of the film material if it is not already known. All
these can be achieved routinely in a matter of 1 h or
less per sample.

Approximately 7 years ago, there was another ma-
jor breakthrough [14] in the experimental develop-
ment of SE, so that now the SE measurements de-
scribed above can be carried out in a matter of tens of
milliseconds instead of 1 h, so that we can perform
the measurement in real-time with the future possibil-
ity of analyzing the data in the on-line mode. As a
result SE may be used to monitor and provide the
necessary feedback to control the processing parame-
ters. The next section deals with this aspect in some
detail.

4, Real-time SE (RTSE) studies

As shown in Table 1, the credit for developing the
very first real-time spectroscopic ellipsometer (RTSE),
goes to Muller and Farmer [42] who applied it for
electrochemical studies in 1984. They used a Xe light
source in conjunction with a rotating interference
filter having a scan rate of 114 nm s™' for quasi-
monochromatization of the incident beam, and two
Faraday cells (one in the incident beam and the other

in the reflected beam) for self compensation. With
such an unit they were able to obtain the full spectra
in (A,¥) consisting of 400 points from 410 nm to 700
nm in approximately 3 s. The second and more popu-
lar type of RTSE was first reported by Kim, Collins
and Vedam [14] in 1990 and later perfected by Collins
et al. [43]. This new instrument is based on the
rotating polarizer type of spectroscopic ellipsometer,
wherein the conventional photomultiplier-tube detec-
tor was replaced by a combination single prism spec-
trometer and an optical multichannel analyzer (OMA),
the latter based on a silicon photodiode array. With
the standard 1024 pixel detector array, which is usu-
ally grouped in eight successive pixels, 128 point ( cos
A, tan W) spectra over the range from 250 nm to 750
nm can be collected with a minimum time of 16 ms.

One of the first important studies to be undertaken
with RTSE was devoted to the optical properties of
thin metallic films of aluminum. In this connection, it
is relevant to point out that in 1971, while reviewing
the optical properties of thin metallic films, Prof.
Abeles [44] confined his review to the theoretical
aspects since the ‘experimental results are still very
often obtained with metallic films having an unknown
structure or poorly known structure and they are
more subject to revision in the near future’. Approxi-
mately 20 years after that review, Collins et al. [45,46]
undertook successfully a detailed RTSE study of the
optical functions of thin aluminum films from initial
nucleation through continuous film growth. Thin films
of pure aluminum were deposited by thermal evap-
oration as well as magnetron sputtering onto a well-
characterized ¢-Si wafer (covered with 71 A of SiO, 5)
mounted and properly aligned on the RTSE in-vacuum
sample manipulator. Concurrently with the film depo-
sition, RTSE measurements over the spectral range
from 1.3 to 4.1 eV were also continuously carried out.
The dielectric functions of the Al particle films in the
early stages as well as those of the continuous films
were interpreted assuming variable relaxation times
for both the Drude and interband electronic contribu-
tions. The relaxation times were determined by a
common value of the mean free path, reduced from
its bulk film value owing to electron scattering at
defects, particle surfaces and grain boundaries. With
these reasonable assumptions, Collins et al. [46] found
that for all Al films in the particle regime of growth
(ie. thickness, d <50 A), the relaxation times are
independent of thickness (and hence particle size)
and are more than an order of magnitude lower than
bulk film values. This suggests a defective structure in
which electron scattering at internal particle defects
limits the electron relaxation time and the optical
functions. As the thickness of the film increases to
55-60 A, a transition is observed with an abrupt
increase in the electron relaxation time and the for-
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mation of continuous film. After this transition, the
(200) parallel-band absorption feature visible in the
dielectric function of bulk Al at 1.5 eV begins to
develop. These features clearly indicate that the Al
films of thickness > 60 A, exhibit typical metallic be-
havior dominated by the film thickness and the grain
size.

In Section 3.1.2, it was pointed out that the critical
points of the energy bands of ¢-Si are a strong func-
tion of temperature [30]. Using such data on c¢-Si
obtained by Lautenschlager et al. [30] and the fact
that the optical penetration depth at the E| critical
point energy is only ~ 200 A RTSE measurements on
the ¢-Si substrate around the E, peak yield the true
temperature of the near szuface [47] of c-Si. This
capability has been applied to characterize the subs-
trate temperature in the situation in which a diamond
film is being deposited by microwave plasma assisted
CVD (MPCVD) on the c-Si. In other words, the
RTSE technique is now being routinely used even
under such severe environments, such as MPCVD
processes, which require high substrate temperatures
(400-1000°C), high gas pressures (1 torr-1 atm), as
well as high-power excitation of the gas source (e.g. 1
kW microwave plasma). For example, using RTSE
Wakagi et al. [47] find that the optimum temperature
for growing diamond films on c-Si substrates is 785°C
by the MPCVD technique for the widely used H,-rich
gas mixture [i.e. a gas flow ratio of 1% CH4/(H +
CH,) at a total pressure of 7 torr and a plasma power
of 500 WI]. Here, it is also relevant to point out the
very recent discovery by Lee et al. [48] in which
diamond films are grown at very high rates (up to 2.5
pm h™') again using combined MPCVD and RTSE
techniques for growth and analysis, with the key being
CO-rich mixtures of CO and H, at the low tempera-
ture of 450°C.

For brevity, I shall now restrict further discussions
of other applications of RTSE, to just listing their
topics along with references: in-siftu characterization
of pyrrole electropolymerization [49], electrochromic
coloration in amorphous tungsten oxide films [50] and
optical characterization of hydrogenated amorphous
silicon p-i-n solar cells [51], compositionally graded
structures [52] such as amorphous, microcrystalline
and polycrystalline films prepared by plasma-en-
hanced CVD, as well as their bandgap engineering
[53].

5. Some prognostications

It is no exaggeration to state that the unique power
of SE to characterize surfaces, interfaces, inhomoge-
neous films and multilayer structures non-destruc-
tively and non-invasively, with monolayer sensitivity,
arises from the regression analysis of the combined

accurate amplitude and phase spectral data over a
wide photon energy range. The additional feature that
all this can be accomplished within a fraction of a
second raises the question of whether SE can be used
in real-time for monitoring and control of the fabrica-
tion of semiconductor devices, etc. The answer is
‘definitely yes, and the time now is just ripe’ for the
following reasons. Firstly, at least three versions of
spectroscopic ellipsometers with multichannel detec-
tion systems are available on the market. Secondly,
the large number of studies in this direction by Collins
and his coworkers [47-53] have been successful and
most encouraging. Thirdly, recently Aspnes [54] has
developed the ‘virtual interface approach’ using sin-
gle-wavelength real-time ellipsometry on atomically
smooth Al,_ Ga_ As surfaces (prepared by MBE), to
determine near surface composition without a de-
tailed knowledge of the underlying layer. Further-
more, this new methodology enabled his group to
grow 200-A wide parabolic quantum wells based on
Al,_ Ga, As [55] using real-time monitoring and con-
trol with single-wavelength-ellipsometry. Again, this
approach has recently been extended [52,53] for the
analysis of the complete data set generated by RTSE
so that now rough surfaces, such as amorphous semi-
conductor alloys, e.g. a-Si,_ C,:H can be character-
ized. This extension enabled Fujiwara et al. [56] first
to fabricate and then to measure high-resolution
depth-profiles of 50— -130 A wide triangular-wells of
a-Si,_,C,:H, with 3-A resolution. This literally opens
the door for on-line monitoring and control of the
fabrication of a much wider variety of semiconductor
multilayer structures on the monolayer scale. I do
believe that the use of RTSE for monolayer level
on-line monitoring and control of the fabrication of
various semiconductor devices will be a well es-
tablished and routine procedure even before the next
ICSE-3 Conference. For the very same reasons, RTSE
is also expected to make major impacts on our under-
standing of passivation and corrosion of metals [57] as
well as in the field of immunology [58].
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