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We propose a method for determination of the complex refractive index of absorbing materials either in bulk
or film geometry by measuring its reflectivity when coated with a well-characterized transparent dielectric at
two specific optical thicknesses: ndj = XO/4 and njdj = X0/2. The complex refractive index of the sample n =
(n, k) is calculated for the monitoring wavelength X0. The selected optical thicknesses of the coating allow the
calculation of its geometrical thickness, therefore the variation of h with wavelength in the region where the
reflectivity is measured can be determined.

1. Introduction

There are many methods for determination of the
optical constants of thin films; several reviews were
published before computers were developed and acces-
sible to everybody.1-3 Since then, many other meth-
ods have been proposed 4 -12 using the advantages of
accurate commercial apparatus for both, measure-
ments and calculations. However, a comparison of
several techniques and methods used in different lab-
oratories for characterizing the same samples13 shows
considerable discrepancies among their results.

We present here our method for determining the
complex refractive index of thin metal film samples.
It is based on reflectance measurements that can be
obtained in a conventional spectrophotometer or with
a monitoring attachment in the evaporation chamber;
the convenience of this method is the small effect that
the experimental errors have on the determination of
the thickness and (n,k) of the dielectric and that it
provides comparable results with those obtained by
more elaborate techniques.

A discussion is given for an absorbing thin film char-
acterized in the visible spectral region and a compari-
son is made with results reported in the literature.
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11. Reflectance Data

Since we wish to determine a complex refractive
index we must know at least two relevant experimental
values; our choice is the reflectance (R), because it
allows the study of opaque films as well as bulk materi-
als, measured at two different conditions, which are
defined as follows.

One part of the sample is coated with a transparent
dielectric of optical thickness h, defined as the film
thickness times the refractive index, equal to X0/4, and
the other part with the same dielectric but optical
thickness of Xo/2 for a given wavelength X0, as shown in
Fig. 1. In practice, this can be done in a single run of
the evaporating plant, overcoating the absorbing layer
with the selected dielectric of real index n, until the
XO/4 optical thickness is reached. At this point, part of
the sample is masked and the evaporation continues
until the Xo/2 thickness is obtained. The dielectric
material should be well characterized, that is, n(X)
must be known for the working spectral region.

At X0, usually known as the monitoring wavelength
since it is used to control the thickness of the layer, the
reflectance of the system is equal to that of the bare
sample when the optical thickness of the overcoating is
So/2 while it takes a different value for Xo/4, depending
on the index.

The variation of the reflectance with overcoating
thickness is shown in Fig. 2 and can be easily explained
by the admittance method proposed by Macleod.14
Figure 2(a) presents the reflectance variation of the
sample as it is overcoated with the dielectric; Fig. 2(b)
corresponds to the reflectance changes of a witness
substrate. The coating thickness is optically con-
trolled on a witness glass, placed near the sample in the
vacuum chamber. The evaporation is suspended at
the turning point of the R vs h curve.
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Fig. 1. System metal layer overcoated with a well-characterized
dielectric film at two different thicknesses. The Fresnel reflectance
coefficients are denoted by rij, depending on the interface (ij), and

the accumulated coefficient by p.

The selected optical thicknesses are shown in Fig. 3.
The admittance of the substrate-absorbing layer sys-
tem describes an almost circular locus, prescribed by
their optical constants and the thickness of the layer.
As the film becomes thicker, the locus approaches the
bulk admittance Yb and, eventually, the properties of
the metallic film predominate. The sample system
may have any admittance Y between n, and Yb, de-
pending on the metal film thickness; this value of Ywill
be the starting point for admittance calculations of the
overcoating.

Because the overcoating layer is a dielectric, the
path is a circle with the center on the real axis. The
location of the points corresponding to the Xo/4 and
Xo/2 thicknesses is shown in Fig. 3. From the same
figure it can be seen that they do not necessarily define
the extrema values of R.

Ill. Determination of * = (nk)

A. Calculations at X0

Analytically, selecting the thicknesses of the over-
coatings, h, = n1d, as being a multiple of X0, represents
a simplification in the use of thin-film formulation.

We use the recurrence formulation described by Du-
poisot and Morizet,15 which requires the calculation of
a previous layer as input data for the next one, thus we
need to calculate:

(a) the substrate to first layer reflection coefficient
rO2,

(b) the effect of propagation through the first layer,
i.e., the sample,

(c) the reflection coefficient between layers 1 and 2,
r12, and

(d) the cumulative effect of the propagation of the
electromagnetic field through the stack of layers.

Considering the geometry of the stack as the one
shown in Fig. 1 and using the recurrence equation, we
can write, for the reflection coefficient of the uncoated
metal layer of thickness d2 deposited on a glass sub-
strate,

P = [r02 + r23 exp(-i2b 2 )]/[1 + r02r23 exp(-i26 2 )], (1)

where 2 = (2.7r/Xo)h&2d2. For the metallic layer, over-
coated with the transparent dielectric, the reflection
coefficient is modified as follows:
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Fig. 2. Optical monitor signal, starting from the substrate, for the
(a) metallic sample and (b) witness glass as a function of the thick-

ness.
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Fig. 3. Admittance loci for the glass substrate, metallic and dielec-
tric layers system. The thicknesses are defined by the arc length of
the circles, but this relation is not linear. The extrema of reflectance

are located at the intersection of the circles with the real axis.14

Po = [r01 + Pi exp(-i26 1 )]/[1 + r01p2 exp(-i2M1 )], (2)

wherep, = [r12 + P2 exp(-i2bm)]/[1 + r 2P2 exp
(-26m)], P2 = r23,

p, is the partial reflection from both interfaces
of the sample, and

61= (27r/Xo)nldl is the phase thickness of the
overcoating.

Let us simplify the equation for po for our particular
situation of interest. When n1d, = Xo/4, 61 = 7r/2, and
exp(-i251) = -1, reducing p0 to po = (rol - p2)/(1 -
rolp2 ), which can be rewritten as

[r01 - r12 + (r0jr12 - 1)r2 3 exp(-i2b 1 )] (3)

° [1 - r01r2 + (r12 - r01 )r2 3 exp(-i2b 1 )]

When nld, = Xo/2, 31 = 7r, and exp(-i26l) = 1, soPo =
(rol + pj1(1 + rolp,), and this equation must be equal
to Eq. (1) at XO only. Indeed, for the given wavelength,
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the coating film acts as an absentee layer. In this case,
rol = r23 and Eq. (2) becomes

p0 = [r02 + r23 exp(-i25j)]/[1 + r 2 r23 exp(-i26 1)]. (4)

Equations (3) and (4) are used for calculating the
corresponding reflectance values. The resulting re-
flectance expressions may then be solved for n and k at
the monitoring wavelength X0; the solution requires
the knowledge of nl(Xo) and the sample thickness d2.
The latter must be measured by an alternative tech-
nique, such as interference microscopy'6 or ellip-
sometry.'7

A special case is when the sample is opaque, that is,
when the Fresnel coefficient at the second interface
may be neglected, r23 = 0. Equations (3) and (4)
become independent of (l, and we can make

R(x/4) = [(rol - rl 2)/(l -rojr2)]2,

R(X/2) = [rO2 12'

from which we can easily determine

n = (n4 - 1)/[2(n2lR -R A/2 )] (5)

k2 = 2 n (R ^2) -(n + 1), (6)

where R*(X/j) = (1 + Rj)/(l - Rj), with = 2,4. Sub-
script 4 corresponds to a quarterwave QW) and sub-
script 2 to a halfwave (HW). We are assuming air as
incident medium no = 1.

B. Calculation of h for any Wavelength

To extend the previous results to the most general
situation, first we calculate the overlayer geometrical
thickness for X = Xo for the two regions. The one
coated with QW has a physical thickness of d = o/
[4n,(Xo)], and the region with a HW coating has d =
Xo/[2n,(Xo)]. For X = Xo, is no longer a multiple of
7r/2 but has new values:

61 = (r/2)[n(X)/n 1(X 0)](X 0/X) for QW,

51 = (7r)[n(X)/n1(X0)](X0/X) for HW.

These values may be substituted in Eq. (2), giving two
new equations from which we have to numerically
determine n(X) and k(X).

The zeros of the general equations obtained from
Eq. (2) are simultaneously solved for n and k using
Newton's method where the derivatives are calculated
numerically using Pachner's algorithm.'8

IV. Results

The results of the application of this method are
presented below, with the corresponding uncertainties
produced by induced experimental errors. To. verify
the reproducibility and confidence of these results, we
simulate an experiment. Using reported data for
some metals, we calculate its reflectance as a function
of wavelength when they are overcoated with a dielec-
tric film, zinc sulfide in our case. Using the calculated
reflectance R for two different thicknesses as experi-
mental data, our aim is to recover the metal optical
properties.
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Fig. 4. Experimental reflectance for Rh thin film over glass sub-
strate (curve a), calculated using data taken from Ref. 13; the same
metal is overcoated with a dielectric of optical thickness of XAO/2

(curve b) and Xo/4 (curve c).

As an example, we used the data for rhodium, re-
ported by Arndt et al.'3 First we took the average of
the refractive-index values obtained by different tech-
niques for a 15.5-nm Rh film (Fig. 4, curve a). Then we
simulated a coating with ZnS, Fig. 4, curve b for HW
and Fig. 4, curve c for QW. The dielectric thickness
was monitored in a witness glass giving a reflectance
maximum at nid = X0/4 and at nid, = Xo/2, the bare
Rh film reflectance, according to Fig. 2(b). The reflec-
tances of the sample are taken as our experimental
values from which we determine the solutions for n(X)
and k(X) starting at Xo.

In a real experiment there are several error sources,
e.g., uncertainties in thickness and reflectance mea-
surements, which affect the final result. To simulate
these effects we use the Monte Carlo technique, as-
suming the uncertainties have a Gaussian distribution.
The input values of the reflectance of the sample, at
two different overcoating thicknesses, are displaced
from the ideal figures according to the standard devi-
ation introduced for this parameter. The same proce-
dure is applied to the thickness of the metallic sample
and overcoating. The value of the standard deviation
to be used depends on the technique and care used to
make the measurements. A set of fifty runs was made
taking random values, with the Gaussian distribution
centered at the ideal figures. At this point we per-
formed a most important sampling by chopping the
Gaussian tails off at 1.5 times the standard deviation.
The distribution of the mean value of (n,k) and its
standard deviation rflect the capability of the method
to recover the optical properties from reflectance mea-
surements.

Figure 5 is a summary of our results. Starting with
the ideal situation, where all the measurements are
perfectly made, the reflectance and thickness uncer-
tainties R,o'd1,Ofd2, respectively, are zero. We found
that for the fifty runs (In = ak = 0, the index determina-
tion is also perfect.

For the sake of clarity we include tables associated
with each figure with average values and its standard
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Fig. 5. Complex refractive index of the Rh as a function of wavelength, obtained using the method described in the text. Upper set of curves

are the imaginary part of the index, lower set the real part. Expected values are plotted with broken line. The standard deviations
corresponding to certain experimental errors are presented in the associated tables. (a) Table I, (b) Table II, (c) Table III, (d) Table IV.

deviation for fifty sample measurements (Tables I, II,
III, and IV).

The most sensitive parameter is the dielectric thick-
ness, a variation of 5 nm (-8%) introduces an error of
15%, assuming the two other parameters are perfectly
defined [Fig. 5(a)].

Table 1. Average Values and Standard Deviation (Fig. 5(a))

aR = 0.0% Cd2= 0 nm adl = 5 nm
Wavelength Re(i) Im(h)

(nm) n an k ak

400 3.060 0.112 3.603 0.590
450 1.760 0.0366 2.824 0.452
500 2.291 0.0287 3.496 0.541
550 2.334 0.0470 3.449 0.549
600 2.473 0.0730 3.611 0.576
650 2.598 0.0945 3.842 0.606

Table II. Average Values and Standard Deviation (Fig. 5(b))

aR = 0.4% a4d2 = ° adl = °
Wavelength Re(i) Im(h)

(nm) n an k ak

400 3.035 0.0639 3.515 0.0317
450 1.750 0.0447 2.760 0.0596
500 2.263 0.0267 3.409 0.0214
550 2.306 0.0368 3.357 0.0236
600 2.436 0.0482 3.519 0.0278
650 2.614 0.127 3.751 0.0289

The imaginary part of the complex refractive index
depends strongly on the thickness accuracy. If only
the reflectance has errors, both Re(h) and Im(h) are
fairly well reproduced [Fig. 5(b)]. If the 0d is larger,
the imaginary part loses accuracy very quickly, as can
be seen in Figs. 5(c) and (d).

Table Ill. Average Values Standard Deviation (Fig. 5(c))

0aR = 0.0% Ud2 = 3 nm ad= 3 nm
Wavelength Re(h) Im(i)

(nm) n an k Ck

400 3.021 0.0607 3.597 0.317
450 1.744 0.0205 2.815 0.247
500 2.272 0.0097 3.487 0.295
550 2.318 0.0193 3.441 0.299
600 2.457 0.0346 3.603 0.315
650 2.582 0.0468 3.833 0.331

Table IV. Average Values and Standard Deviation (Fig. 5(d))

aR = 0.4% ad2 = 3 nm adl = 3 nm
Wavelength Re(h) Im(n)

(nm) n an k ak

400 3.047 0.0994 3.515 0.305
450 1.749 0.0419 2.745 0.258
500 2.271 0.0302 3.416 0.283
550 2.309 0.0340 3.366 0.289
600 2.446 0.0642 3.522 0.305
650 2.512 0.139 3.745 0.325
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V. Conclusion

We present a method based on reflectance measure-
ments for the determination of the complex refractive
index of an absorbing thin film. The experimental
data and its possible deviations suggest that our meth-
od may be accurate even in the presence of experimen-
tal errors. We show that by properly selecting the
thickness of the dielectric overcoating it is possible to
obtain the optical properties of a metallic film.

This work was partially done at INAOE, Puebla, for
which two of the authors (R.M. and L.E.R.) are grate-
ful. L.E.R. wishes to thank DIGSA-SEP for its eco-
nomic support.
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NASA continued from page 4199

The time-of-flight mass spectrometer sends out a trigger pulse at
the beginning of each cycle. The microchannel-plate detector of the
spectrometer produces an ac component containing the spectral
signal, and a dc component-the total multiplier current-that is a
measure of all the masses in the vapor. The spectral signals are fed
to a transient recorder (synchronized by the trigger pulses from the
spectrometer) where they are stored in a signal memory and pro-
cessed by a microprocessor before being transferred to the host
computer.

This work as done by K. A. Lincoln of Ames Research Center and
R. D. Bechtel of Santa Clara University. Further information may
be found in NASA TM-88374 [N88-724538/NSP], "A Fast Data
Acquisition System for the Study of Transient Events by High
Repetition Rate Time-of-Flight Mass Spectrometer." Copies may
be purchased [prepayment required] from the National Technical
Information Service, Springfield, VA 22161. Inquiries concerning
rights for the commercial use of this invention should be addressed
to the Patent Counsel, Ames Research Center Attn: D. G. Brekke,
Mail Code 200-11, Moffett Field, CA 94035. Refer to ARC-11785.

Reliability of inspection by scanning laser acoustic microscopy
A report describes an evaluation of scanning laser acoustic micros-

copy (SLAM) in the detection of surface voids in silicon nitride and
silicon carbide. SLAM is an attractive technique for the nonde-
structive inspection of these ceramics because it can image surface
and subsurface microflaws in real time. The detection of such flaws
is important because they limit the strengths and fracture tough-
nesses of ceramic parts in advanced high-temperature heat engines.
In SLAM, a laser light is used to detect distortions, on an angstrom

scale, produced on the surface of a specimen by ultrasonic waves
transmitted through the specimen. From the distortion, SLAM
creates a picture on a video monitor of such defects as voids, inclu-
sions, and cracks.

In the evaluation, specimens of sintered Si3B4, and SiC were
examined by SLAM at an ultrasonic frequency of 100 MHz, in both
the as-fired condition and after polishing. The specimens were
intentionally impressed with styrene microspheres during firing to
introduce voids of known size, shape, number, and location in the
surface. The evaluation concentrated on the statistical reliability of
the detection of voids by SLAM. In the polished specimens, SLAM
detected surface voids as small as 100 jum in diameter with 0.90
probability at a confidence level of 0.95. However, the reliability of
detection was substantially less for voids in unpolished as-fired
specimens. Moreover, inspection of the as-fired specimens took ten
times as long as the inspection of the smooth specimens. If ceramic
engine parts are smoothly finished, as they are likely to be, the
SLAM technique should detect surface and near-surface flaws
quickly and reliably.

This work was done by Don J. Roth, Stanley J. Klima, and James
D. Kiser of Lewis Research Center and George Y. Baakini of Cleve-
land State University. Further information maybe found in NASA
TM-87035[N85-32337/NSP], "Reliability of Void Detection in
Structural Ceramics Using Scanning Laser Acoustic Microscopy."
Copies may be purchased [prepayment required] from the National
Technical Information Service, Springfield, VA 22161, Telephone
No. (703) 487-4560. Rush orders may be placed for an extra fee by
calling (800) 336-4700. Refer to LEW-14633.

continued on page 4273
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