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Optical constants for thin films of C, diamond, Al, Si,
and CVD SiC from 24 A to 1216 A

David L. Windt, Webster C. Cash, Jr., M. Scott, P. Arendt, Brian Newnam, R. F. Fisher, A. B.
. M. -

Swartzlander, P. Z. Takacs, and Pinneo

A method for deriving optical constants from reflectance vs angle of incidence measurements using a
nonlinear least-squares curve-fitting technique based on the x2 test of fit is presented and used to derive
optical constants for several thin-film materials. The curve-fitting technique incorporates independently
measured values for the film surface roughness, film thickness, and incident beam polarization. The
technique also provides a direct method for estimating probable errors in the derived optical constants. Data
are presented from 24 A to 1216 A for thin-film samples of C, synthetic diamond, Al, Si,and CVD SiC. Auger
electron spectroscopy depth profiling measurements were performed on some of the samples to characterize
sample composition including oxidation and contamination.

l. Introduction

The optical constants—the real and imaginary parts
of the complex index of refraction—describe the opti-
cal properties of a given material; experimental data
are needed for both optical instrumentation design
and comparisons with solid-state theory. In the ex-
treme ultraviolet and soft x rays (10 < h» < 1000 eV),
specific applications include instrumentation for plas-
ma physics, synchrotron radiation, space astronomy,
and EUV and soft x-ray laser development, where the
optical constants are needed to design optical coatings,
multilayer reflectors, and bandpass filters.

Much of the optical data available in the literature in
the present energy range was determined either from
the use of isoreflectance curves using reflectance mea-
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surements made at two or more incidence angles, or
from reflectance or transmittance measurements com-
bined with Kramers-Kronig analysis. We present
here a method for deriving optical constants from re-
flectance measurements made at multiple incidence
angles using a nonlinear least-squares curve-fitting
technique based on the x* test of fit. Independently
measured values for the sample surface roughness,
sample thickness, and incident beam polarization are
included in the curve-fitting procedure. Inaddition to
deriving the best fit values for the optical constants,
probable errors in these values are estimated by deter-
mining the region in parameter space for which an
acceptable fit to the reflectance vs angle of incidence
data can be achieved.

The present technique has been applied to measure-
ments made on twenty-one thin-film samples. The
data for samples of C, synthetic djamond, Al, Si, and
CVD SiC are presented here along with Auger electron
spectroscopy (AES) depth profiling measurements
performed on some samples to characterize sample
composition including oxidation and contamination.
In a companion paper, we present similar data for thin
film samples of Ti, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Hf, Ta,
W, Re, Os, Ir, Pt, and Au.

In Sec. II, the experimental techniques are present-
ed, including sample preparation, reflectance mea-
surements, surface roughness measurements, polariza-
tion measurements, and AES measurements. The
data reduction techniques used to derive the optical
constants are presented in Sec. [II. Finally, in Sec.IV,
the optical data are presented for the five samples
measured in this work.
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ll. Experiment

A. Sample Preparation

Thin-film samples of C, Si, and Al were prepared in
the coating facility of the Materials Science and Tech-
nology Division at the Los Alamos National Laborato-
ry (LANL). The films were deposited using electron-
beam evaporation onto polished 7.6-cm (3-in.) diam Si
{111} wafers at room temperature in a vacuum of ~5 X
10~%Torr. The film thickness was chosen to be 1000 A
and measured with a calibrated quartz crystal monitor.
The SiC sample was an a-SiC substrate supplied by
the Carborundum Corp. coated with chemical vapor
deposited silicon carbide (CVD SiC) by the Research
Division of the Raytheon Co. and then polished by
Frank Cooke, Inc. The diamond film was provided by
Crystallume, Inc., and was prepared onto a polished 5-
cm (2-in.) diam Si {100} wafer using a variation of the
electron-assisted CVD technique described by Sawabe
and Inuzuka,! where electron bombardment is
achieved from a glow discharge rather than a hot fila-
ment. Allsamples were sent to the University of Colo-
rado for reflectance measurements.

B. Reflectance Measurements

Reflectance measurements were performed using a
computer-controlled reflectometer that has been de-
scribed previously.>? The absolute reflectance at a
particular incidence angle is measured by determining
the ratio of the reflected intensity to the incident beam
intensity; both measurements are made with the same
detector, which is free to rotate about the sample from
near-normal incidence to grazing incidence.

The samples are transferred in air to the reflectome-
ter, and reflectance measurements are performed at
several incidence angles. The light sources used in
combination with a grazing incidence monochromator
provide line emission from 24 A to 1216 A. A total of
thirty-six wavelengths was chosen for the measure-
ments presented here. For wavelengths >200 A, re-
flectance measurements were typically made at six-
teen incidence angles, from 5° to 80° in 5° increments.
For wavelengths <200 A, measurements were usually
made at ten or more grazing angles. The computer-
controlled sample manipulator positions the sample
with a precision of 0.001° and with an absolute accura-
cyof 0.02°. Two detectors—an imaging microchannel
plate and a gas proportional counter—are used for the
EUV and soft x-ray wavelengths, respectively. The
entire data acquisition process is controlled by an HP
9845B computer, and data are finally transferred to a
VAX 8600 for processing. The reflectance vs inci-
dence angle measurements for all thirty-six wave-
lengths typically take two to three days per sample.

C. Surface Roughness Measurements

Surface roughness reduces the amount of light re-
flected in the specular direction. Inthe determination
of optical constants presented here, the effect of sur-
face roughness is accounted for by the inclusion of a
Debye-Waller factor in the Fresnel equations, as de-
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scribed in Sec. III. We assume that the distribution of
surface heights can be characterized by an rms surface
height o. The value of o for each sample was measured
at several points on the surface using a WYKO optical
profilometer! with a 10X objective. These measure-
ments were used to determine a mean value and stan-
dard deviation for . The value of o for the samples
measured here was typically of the orderof 15 A + 3 A.

D. Polarization Measurements

The measured reflectance also depends on the inci-
dent beam polarization. The polarization of the beam
used for the present work was measured using a rhodi-
um mirror as a polarization analyzer in a method simi--
lar to that described by Rabinovitch et al.5 The sam-
ple manipulator was reconfigured so that the Rh
mirror could be positioned at a fixed incidence angle of
45° yet could be rotated about the incident beam.
Thus the plane of incidence with respect to the labora-
tory frame could be varied continuously from horizon-
tal to vertical. The microchannel plate detector was
mounted on the manipulator so as to measure the
intensity of light reflected from the analyzer for any
orientation of the plane of incidence.

Since the grooves of the grating in the monochroma-
tor are parallel to the vertical, we expect the beam to be
partially polarized in this direction. Thus the intensi-
ty of light reflected from the analyzer should decrease
as the plane of incidence begins to coincide with the
vertical direction, as the analyzer preferentially re-
flects light whose electric vector is perpendicular to the
plane of incidence.

This effect can be understood by evaluating the
reflectance of a mirror as measured with partially po-
larized light. We assume that the incident beam is
partially plane polarized. We can then write the in-
tensity of the beam as the sum of a polarized part and
an unpolarized part®:

T T . (1)
We define the polarization fraction f as

T
f‘f.—l (2)

and we assume further that the plane-polarized part of
the beam has its electric field vector oriented at an
angle ¢ with respect to the vertical direction. We take
the s direction to be perpendicular to the plane of
incidence and the p direction parallel to the plane of
incidence. It can be shown that the measured reflec-
tance would then be given by

RJ17 R,
R-T-(I—fcos2¢)+?-(l+ft‘m2¢]. (3

where R, and R, are the reflectances for pure p and s
polarizations, respectively. The quantities Ry and R,
are characteristic of the mirror. For the polarization
measurements described here, we assume? values for

R, and R, based on the optical constants for Rh from
Palik.?



When the plane of incidence is horizontal, the s
direction is parallel to the vertical. When the analyzer
is rotated by an angle 8, the s and p axes also rotate
with respect to the laboratory frame by the same angle
8, and hence ¢ in Eq. (3) must be replaced by the
quantity 8 + ¢. We thus write the reflectance as a
function of 3 as

RP
R(® -?-ll—fccﬂ{w+3)]

R
+—21-[1 + [ cos2(¢ + B)]. (4)

By measuring the reflectance of the analyzer for three
or more orientations 3, we can deduce the value of the
quantity f cos2y. We determine the relative reflec-
tance P(3)—the ratio of the reflectance measured at an
angle 8 to the reflectance at 8 = 0—for two or more
angles 8. The quantity P(8) is given by

R(B8)

PO = 2G5 =0

R, R,

T-[l—fcos‘.’(a-l-ﬂ)l +T-[1+Icod(¢+ﬂ)|

- (5)
R, R,

'2—'(1—-[00020)+?'(1 + [ cos2¢)

R, R,
(1+R—')+fmn2(¢+3)-(1——§:)

1+R" - 1 R,
(143 +toe-(2-3)

The relative reflectance of the analyzer was mea-
sured for several rotation angles for wavelengths >200
A used for reflectance measurements. The analyzer
was oriented at seven angles 8 from 0 to 90° in 15°
increments, and the curve-fitting technique described
in the next section was used to deduce the value of the
quantity F = f cos2¢ as a function of wavelength by
fitting Eq. (6) to the measured reflectance vs rotation
angle curves. A typical curve of relative reflected
intensity vs rotation angle is shown in Fig. 1. The
derived value of F as a function of wavelength is shown
in Fig. 2. The probable errors in the measured values
of F are shown as the vertical lines.

For wavelengths >200 A the function F()\) was ap-
proximated by a straight line of the form

FA\) =a,+a,-\ (7

The best fit values of the coefficients in this equation
were found to be ag = —0.0412,a; = 2.087 X 104, Itis
this equation that is used to estimate the polarization
F for wavelengths >200 A in the determination of the
optical constants, as described in the next section.
The uncertainty in F is taken to be £0.01 and is shown
asthe dotted linesin Fig. 2. The probable errors in the
measured values of F have perhaps been overestimat-
ed. The reason for this overestimation is not clear.
For wavelengths of <200 A, the polarization is taken
tobe zero. Thisis justified by the fact that the grating
in the monochromator is used at very small grazing
angles for these wavelengths, and hence the beam is

(8)
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Fig.1. Typical curve of relative reflected intensity vs rotation angle
used to determine the incident beam polarization. Shown are the
data for 989 A,
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Fig. 2. Polarization F = f cos2¢ as a function of wavelength. Also

shown is the straight line fit, F = —0.0412 + X - 2.087 X 10—+ (solid

line). The error to this fit is taken to be £0.01, represented by the

dotted lines.

less likely to be significantly polarized. Furthermore,
the reflectance measurements for these wavelengths
were typically made at large incidence angles. The
difference between the reflectances for s and p polar-
izations is smaller for larger incidence angles so the
incident beam polarization has a diminished effect on
the determination of the optical constants.

D. Auger Electron Spectroscopy Measurements

Sample purity and the presence of overlayers can
significantly affect the optical properties of materials
inthe present energy range. The samples measured in
this work were all exposed to air before reflectance
measurements. In addition, the e-beam evaporated
samples were prepared in a vacuum of ~5 X 10~ Torr.
Some of the samples are, therefore, likely to be oxi-
dized and/or contaminated. To characterize sample
composition, Auger electron spectroscopy (AES)
depth profiling measurements were performed for the
C, Si, and Al samples.

The AES measurements were performed at the So-
lar Energy Research Institute using a Physical Elec-
tronics Industries model PHI 600 scanning auger mi-
croprobe. The incident electron energy was 5 keV,
and etching was achieved with 3 keV Ar* ions. In Sec.
IV, we present along with the optical data the resulting
plots of the peak-to-peak Auger signals vs sputtering
time.
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Fig.3. Three-phase optical system.

ll. Data Reduction

The objective of the data reduction scheme is to
derive the values of the optical constants for which the
calculated reflectance (Ref) most closely fits the mea-
sured reflectance R + 4R for all incidence angles ;. As
a measure of closeness of fit we use the x? test.? That
is, we compute the value of the statistic S, defined as

[R; — Refl#, )I
E (6R)?

=1
It can be shown1? that the minimum value found S, is
distributed as the x? probability function with (N — p)
degrees of freedom. We can thus determine the signif-
icance of the fit « by equating

(8)

Sin = xh-pla), )
where the quantity xN_ (a) is the tabulated value of

the x? function with slgmf' icance . We may then vary.

the p adjustable parameters in the model for reflec-
tance so as to minimize S and hence deduce the best fit
values for the adjustable parameters.

A. Modeling Reflectance

We calculate the reflectance for a three-phase mod-
el, which consists of a substrate, thin film and ambient
medium (vacuum), as shown in Fig. 3. The optical
properties in the three regions are contained in the
optical constants n and k, which are the real and imagi-
nary parts of the complex index of refraction. Thus
the optical properties of regions 1, 2, and 3 are con-
tained in the complex indices of refractionn; = 1,n, =
na + iky, and ng = ny + ik,, respectively. We suppose
that light is incident in region 1 with incidence angle 8,
measured from the normal and propagates in region 2
with angle #; and in region 3 with angle #;. The angles
are determined in each region from Snell’s law:

n, sind, = n, sind, = n, sind,. (1m

The overall reflection coefficient for the three-phase
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system is given in terms of the Fresnel coefficients at
each interface:

Taab 1oty exp(2i8)

PR L
27 14 iy exp(2iB)

(11)

where

2x cosd.
ﬂ-;""—i—z- (12)

The quantity 2 is the thickness of the film, and ) is the
wavelength of light. The Fresnel reﬂectlon and trans-
mission coefficients for the interface between two re-
gions i and j are

[ cosd; — n; cosd; 2roy; cosd; \2

i (n,- cosd; + n; cosd; = __‘A_) ' (13)
im 2n, cosé,

Y n; cosh; + cosd; ' 4)

for s polarization, and

n; cosd; — m; cosd, 2ra;; cosd, \?
f'ﬁ (n,—Tﬂ;—_—;) exp -2 (—4*1-—-) ' (15)
a Dmcond
Y n;cosd; + n; cosé;

for p polarization. It is these quantities, evaluated at
eachinterface, that are used in Eq. (11) to calculate the
reflectance. The exponentials in Eqs. (13) and (15)
are Debye-Waller factors used to account for the loss in
reflectance due to surface roughness scattering. In
the simple model for surface roughness used here, it is
assumed that at each interface the distribution of sur-
face heights is Gaussian and can be described by an
rms surface height parameter o; the surface height at
the top interface is 712 = 031 = gy, and at the bottom
interface it is o33 = 032 = 0.

The net reflectance for such a system, as measured
with partially polarized light, is then

R, R,
Raf-T-(l—F)'l-?-(l'FF). (17)

where F = f cos2¢ is the incident beam polarization.
The quantities R, and R, are the reflectances for pure p
and s polanzatmns. respectively, defined as the
squares of the magnitudes of the overall reflection
coefficients [Eq. (11) using the Fresnel coefficients
corresponding to the appropriate polarizations].

B. Curve-Fitting Procedure

We now have a model for reflectance that depends
on the quantities n,, ks, ns, ks, z, 01, 09, F, and 8. We
take # to be the independent variable and consider the
remaining eight variables as adjustable parameters.
The objective is to determine just two of these parame-
ters, n; and k3, which are the optical constants of the
film.

We determine the best fit values for ny and k; by
varying these quantities so as to minimize the S statis-
tic defined by Eq. (8). We can fix the values of the
other six adjustable parameters: For the e-beam



evaporated films, we take the measured value of the
film thickness: z =1000A. For the diamond and SiC
samples, we assume z = 2500 A, which is an underesti-
mate but nonetheless large enough so that the films are
optically opaque for the present energy range. We
assume that oy = g, = 7, where ¢ is the value of the rms
surface height as determined from the WYKO mea-
surements described above. We use Eq. (7) to evalu-
ate the polarization of the incident beam F. The pa-
rameters n3 and ky—the optical constants of the
substrate—are fixed to the values for crystalline sili-
con from Palik® (except for the SiC sample, where we
take the values of SiC from Palik, as this sample was
prepared on a SiC substrate). It was found that the
choice of substrate optical constants has essentially no
effect on the outcome of the derivation of the best fit
values for nyand k;. This was determined by deriving
nz and k; (as described below) for values of ny and k,
ranging from 50 to 150% of the values for silicon from
Palik. Thus, even though the e-beam deposited sam-
ples are not completely opaque, the calculated reflec-
tance is relatively insensitive to changes in the sub-
strate optical constants.

Using the Curvefit algorithm described by Beving-
ton,? we determine the best fit values of ng and k3 by
searching the n, — k; parameter space until we find the
values for which the statistic S is at a minimum. The
optical constants were determined in this way on a
VAX 8600 computer, typically using no more than 30 s
of CPU time per wavelength. The time used depends
in part on the initial values of the free parameters: if
the derived values of ny and k, are much different from
the initial values, the algorithm requires more itera-
tions and hence more computation time until the best
fitis obtained. Optical data available in the literature
were used to infer initial values for the materials mea-
sured here. An example of the measured reflectance
vs incidence angle is shown in Fig. 4, along with the fit
to this curve.

C. Error Analysis

The best fit values of n, and k, (those corresponding
t0 Smin) are not the only ones for which an acceptable
fit can be found. Thus to estimate the probable errors
in the derived optical constants, we determine the
region in ny — k, parameter space in which we can say
that the true values of n, and k, lie with some specific
probability. We call this region the joint confidence
interval.

We calculate the joint confidence intervall® by eval-
uating the S statistic throughout parameter space and
determine the region for which S is less than some
limiting value S;. Thus the confidence interval is
given by the region where

5<8,, (18)
where we take
Sy = Spin + AS(a). (19)

Lampton et al.}° have shown that the quantity
AS(a) is distributed as x? with p degrees of freedom,

e —
Canmon
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g ¥
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Fig. 4. Example of the measured reflectance vs incidence angle
taken from the results for C at 357 A. The data are shown as circles
with 1o error bars (vertical lines). The fit to this curve is the dashed
line. The derived values of n and k are indicated. The next line is
the value of the x? statistic S and the number of degrees of freedom N
= p (= number of data points—number of free parameters = 14, in
this case) expressed as S/(N — p).

where p is the number of parameters that were varied
tominimize S. Thus, if AS(a) is equal to the tabulated
value of the x? function with p degrees of freedom and
significance «, the resulting p-dimensional confidence
region (that region for which S < S;) will enclose the
true values of the p parameters in 1 — « of all experi-
ments. For example, if we take AS = 2.3 for a model
with two free parameters, we can say that the probabil-
ity is 68% that the resulting confidence region contains
the true values of the two parameters, since AS = 2.3 =
x3(a = 0.32), and so 1 — a = 0.68.

Joint confidence intervals were determined by con-
structing a grid of points in ny — k, parameter space
and evaluating the S statistic at each point on the grid.
Additionally, the experimental uncertainties in the
adjustable parameters z, ¢, and F (which were fixed to
their measured values in the determination of the best
fit values of the optical constants) were included in the
estimation of the errors in n, and k,. This was
achieved by minimizing S at each point on the grid in
ny — kg parameter space by varying each of these
parameters through their respective ranges of uncer-
tainty. This has the effect of increasing the size of the
confidence intervals.

An example of a confidence contour determined in
this way is shown in Fig. 5. The solid line indicates the
68% joint confidence interval on ny and k,, correspond-
ing to AS = 2.3.

Although the joint confidence interval has the most
meaning, itis in fact the independent confidence inter-
vals on ny and k&, that will be the most useful. Confi-
dence intervals for single parameters can be deter-
mined again by evaluating the parameter range for
which § < §;, except we now take AS to be the tabulat-
ed value of the x? function for one degree of freedom.
Thus the 68% independent confidence interval corre-
spondsto AS = 1 = xj(a = 0.32). This is shown in Fig.
5asthedotted line region. We can thus determine ‘1¢’
errors on n, and k3 by observing the extent of the 68%
independent confidence interval along the n, and k,
axes, respectively.
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Table . Optical Constants for Carbon

Wavelength
(A Index of refraction n Extinction coefficient k
236 0.99831  (0.99830, 0.99845) 0.000503  (0.000450, 0.000550)
316 0.99831  (0.99820, 0.99840) 0.000493  (0.000400, 0.000600)
676 0.99194  (0.99190, 0.99200) 0.000729  (0.000700, 0.000850)
114.0 0.9742 (0.9740, 0.9750) 0.00411 (0.00350, 0.00480)
135.5 0.9633 (0.9630, 0.9640) 0.00529 (0.00480, 0.00650)
1714 0.9280 (0.9275, 0.9285) 0.0155 (0.0150, 0.0160)
243.0 0.870 (0.869, 0.878) 0.0499 (0.0440, 0.0500)
258.3 0.863 (0.863, 0.870) 0.0538 (0.0480, 0.0550)
303.8 0.811 (0.810, 0.818) 0.0969 (0.0920, 0.0970)
327.0 0.774 (0.760, 0.785) 0.146 (0.135, 0.160)
356.8 0.743 (0.742, 0.758) 0.179 (0.163, 0.184)
379.3 0.728 (0.725, 0.740) 0.196 (0.180, 0.200)
405.9 0.693 (0.875, 0.695) 0.245 (0.240, 0.285)
4478 0.654 (0.635, 0.664) 0.246 (0.320, 0.380)
460.7 0.633 (0.615, 0.640) 0.375 (0.370, 0.405)
489.5 0.651 (0.635, 0.665) 0.439 (0.420, 0.450)
539.1 0.617 (0.605, 0.625) 0.558 (0.525, 0.810)
584.3 0.651 (0.640, 0.685) 0.751 (0.710, 0.800)
616.3 0.714 (0.890, 0.740) 0.796 (0.740, 0.860)
6714 0.763 (0.725, 0.790) 0.967 (0.900, 1.00)
718.56 0.912 (0.880, 1.00) 1.09 (1.04, 1.20)
735.9 0.915 (0.850, 0.980) 1.10 (1.02,1.17)
743.7 0.997 (0.940, 1.03) 1.16 (1.10, 1.22)
834.5 1.13 (1.10, 1.22) 1.18 (1.16, 1.24)
878.0 1.47 (1.38, 1.62) 1.24 (1.20, 1.28)
919.8 1.43 (1.30, 1.52) 1.21 (1.17, 1.25)
932.1 1.42 (1.34, 1.58) 1.16 (1.13,1.20)
988.8 1.41 (1.33, 1.53) 1.10 (1.07,1.12)
1025.8 1.45 (1.38, 1.60) 1.00 (0.980, 1.02)
1048.2 1.70 (1.62, 1.80) 0.978 (0.940, 1.01)
10686.7 1.71 (1.62, 1.84) 0.937 (0.880, 0.970)
1085.7 1.75 (1.83, 1.90) 0.859 (0.820, 0.910)
1135.0 1.87 (1.72, 2.02) 0.708 (0.570, 0.800)
1200.7 1.71 (1.83, 1.87) 0.691 (0.600, 0.730)
1215.7 1.77 (1.68, 1.91) 0.663 (0.530, 0.720)
Table Il.  Optical Constants for Synthetic Diamond Film
Wa
(A) Index of refraction n Extinction coefficient k
243.0 09162  (0.9145,0.9175) 0.0731  (0.0700, 0.0770)
256.3 0.9137 (0.9135, 0.9140) 0.0656  (0.0845, 0.0660)
303.8 0.880 (0.878, 0.882) 0.107 (0.103, 0.110)
327.0 0.870 (0.868, 0.872) 0.122 (0.117, 0.127)
356.8 0.864 (0.863, 0.865) 0.141 (0.133, 0.148)
379.3 0.857 (0.857, 0.858) 0.159 (0.150, 0.168)
405.9 0.853 (0.852, 0.854) 0.180 (0.170, 0.185)
4478 0.844 (0.842, 0.845) 0.186 (0.168, 0.190)
460.7 0.831 (0.830, 0.833) 0.186 (0.182, 0.192)
489.5 0.843 (0.842, 0.844) 0.200 (0.185, 0.215)
539.1 0.828 (0.825, 0.832) 0.295 (0.280, 0.308)
584.3 0.786 (0.785, 0.787) 0.273 (0.268, 0.275)
616.3 0.799 (0.793, 0.808) 0.376 (0.350, 0.400)
6714 0.785 (0.780, 0.788) 0.388 (0.363, 0.400)
718.5 0.807 (0.805, 0.813) 0.453 (0.442, 0.485)
735.9 0.825 (0.823, 0.828) 0.498 (0.490, 0.510)
743.7 0.840 (0.838, 0.850) 0.500 (0.490, 0.505)
834.5 0.881 (0.875, 0.900) 0.602 (0.595, 0.620)
878.0 0.947 (0.930, 0.980) 0.653 (0.640, 0.670)
919.8 0.969 (0.960, 0.980) 0.693 (0.883, 0.703)
932.1 1.06 (1.05, 1.10) 0.734 (0.720, 0.750)
988.8 1.15 (1.12, 1.22) 0.789 (0.780, 0.800)
10258 1.13 (1.08, 1.20) 0.762 (0.740, 0.783)
1048.2 1.23 (1.20, 1.30) 0.823 (0.815, 0.825)
1066.7 1.24 (1.20, 1.33) 0.799 (0.780, 0.800)
1085.7 1.26 (1.20, 1.35) 0.698 (0.690, 0.705)
1135.0 1.47 (1.40, 1.80) 0.640 (0.590, 0.680)
1200.7 1.25 (1.20, 1.35) 0.648 (0.638, 0.655)
1215.7 117 (1.15, 1.23) 0.619 (0.610, 0.623)
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Table . Optical Constants for Aluminum

Wavelength
(A) Index of refraction n Extinction coefficient k
2386 0.99828 (0.99824, 0.99829) 0.000197  (0.000148, 0.000198)
316 099777  (0.99775,0.99795) 0.000558  (0.000400, 0.000700)
44.7 0.99344 (0.99343, 0.99345) 0.00206 (0.00195, 0.00210)
67.6 0.99676  (0.98600,0.98750) 0.00778 (0.00750, 0.00800)
114.0 0.9832 (0.9805, 0.9880) 0.0381 (0.0300, 0.0550)
135.5 0.9851 (0.9830, 0.992) 0.0432 (0.0380, 0.0560)
1714 1.04 (1.02, 1.05) 0.0159 (0.0150, 0.0350)
243.0 0.9698 (0.9697, 0.9702) 0.00895 (0.00870, 0.00980)
2566.3 0.9640 (0.9638, 0.9650) 0.0116 (0.0110, 0.0122)
303.8 0.9490 (0.9483, 0.9493) 0.0150 (0.0148, 0.0152)
327.0 0.9377 (0.9363, 0.9386) 0.0203 (0.0195, 0.0210)
356.8 0.9293 (0.9278, 0.9302) 0.0221 (0.0205, 0.0235)
379.3 0.9144 (0.9120, 0.9160) 0.0307 (0.0290, 0.0323)
405.9 0.9068 (0.9048, 0.2070) 0.0281 (0.0275, 0.0290)
4478 0.883 (0.880, 0.884) 0.0412 (0.0410, 0.0420)
460.7 0.851 (0.847, 0.855) 0.0834 (0.0800, 0.0670)
489.5 0.857 (0.853, 0.858) 0.0530 (0.0520, 0.0550)
539.1 0.822 (0.817, 0.823) 0.0822 (0.0780, 0.0870)
584.3 0.796 (0.792, 0.797) 0.0959 (0.0940, 0.1000)
616.3 0.767 (0.760, 0.772) 0.131 (0.122, 0.140)
671.4 0.723 (0.715, 0.728) 0.191 (0.180, 0.200)
7185 0.699 (0.695, 0.7035) 0.277 (0.260, 0.300)
735.9 0.681 (0.678, 0.682) . 0.286 (0.265, 0.300)
T43.7 0.678 (0.678, 0.682) 0.288 (0.270, 0.300)
834.5 0.670 (0.668, 0.678) 0.391 (0.375, 0.415)
878.0 0.660 (0.658, 0.663) 0.397 (0.380, 0.420)
919.8 0.677 (0.675, 0.680) 0.423 (0.405, 0.440)
932.1 0.680 (0.670, 0.690) 0.463 (0.440, 0.480)
988.8 0.684 (0.875, 0.690) 0.468 (0.450, 0.482)
1025.8 0.658 (0.650, 0.668) 0.481 (0.453, 0.505)
1048.2 0.691 (0.680, 0.700) 0.585 (0.580, 0.600)
1066.7 0.720 (0.709, 0.740) 0.649 (0.628, 0.680)
1085.7 0.671 (0.660, 0.683) 0.570 (0.540, 0.600)
1135.0 0.626 (0.610, 0.643) 0.659 (0.620, 0.700)
1200.7 0.585 (0.568, 0.620) 0.747 (0.705, 0.800)
1215.7 0.607 (0.590, 0.640) 0.855 (0.810, 0.900)

D. Effect of Surface Roughness

E LR
(81]

0.8
8.

L i A
.73 [ ors o.rs orn
WOLX OF RECFRACTION, n

Fig. 5. Typical confidence interval on n; and k;. Shown is the
contour for C at 357 A. The solid line corresponds to a AS(a) of 2.3
and the dotted line a value of 1. The solid line, therefore, represents
the 68% joint confidence on ng and k; (two degrees of freedom;
a = 0.32). The dotted line is used to estimate the 68% confidence
limits on ny and k; independently, since a AS(a) = 1 corresponds to
the value of the x° function with one degree of freedom for a = 0.32.

Confidence regions, and hence probable errors on
the derived values of n and k, were determined in this
way for each wavelength and each sample measured,
typically using ~90 s of CPU time on the VAX 8600.
The results of these calculations are presented in Sec.
IV as ‘1¢’ errors in n and k.

Before presenting the results of the measurements
and data reduction techniques just described, we dis-
cuss the sensitivity of the derived optical constants to
the assumed value of ¢ used in the derivation.

Surface roughness has the effect of reducing the
amount of light reflected in the specular direction.
This reduction in reflectance is accounted for in this
work by including a Debye-Waller factor in the Fresnel
reflection coefficients, where we assume that the sur-
face roughness can be described by an rms surface
height . In the determination of the optical con-
stants from reflectance measurements, the value of ¢ is
fixed to the value determined from the WYKO optical
profilometer measurements described above.

To see how strongly the derived n and k depend on
the value of ¢ used, the optical constants were derived
using two different values of o, for three arbitrarily
chosen samples out of the twenty-one thin-film sam-
ples that have thus far been measured using the appa-
ratus and techniques described above. The samples
that were considered are thin films of Nb, Hf, and Os;
the optical constants for these samples are not in fact
presented in this paper but in a companion paper.!!

15 January 1988 / Vol. 27, No. 2 / APPLIED OPTICS 285



Table IV, wcmn;m

Wavelength
(A) Index of refraction n Extinction coefficient k
236 0.99875  (0.99870, 0.99876) 0.000352  (0.000320, 0.000380)
31.6 0.99826  (0.99825, 0.99831) 0.000673  (0.000620, 0.000680)
4.7 0.99524  (0.99520, 0.99545) 0.00211 (0.00200, 0.00215)
67.6 0.99058  (0.99056, 0.99100) 0.00772 (0.00700, 0.00780)
114.0 0.9938 (0.9928, 0.9950) 0.0196 (0.0175, 0.0220)
135.5 0.9857 (0.9856, 0.9862) 0.0060 (0.0055, 0.0065)
171.4 0.9617 (0.9000, 0.9620) 0.0195 (0.0190, 0.0200)
243.0 0.9439 (0.9430, 0.9453) 0.0336 (0.0310, 0.0350)
256.3 0.9433 (0.9430, 0.9440) 0.0301 (0.0290, 0.0320)
303.8 0.9234 (0.9218, 0.9250) 0.0487 (0.0460, 0.0520)
327.0 0.9144 (0.9140, 0.9150) 0.0531 (0.0500, 0.0570)
356.8 0.9010 (0.9000, 0.9040) 0.0620 (0.0557, 0.0850)
379.3 0.890 (0.887, 0.894) 0.0758 (0.0700, 0.0800)
405.9 0.877 (0.875, 0.880) 0.0785 (0.0720, 0.0830)
447.8 0.854 (0.848, 0.855) 0.0985 (0.0980, 0.105)
460.7 0.839 (0.838, 0.840) 0.112 (0.110,0.115)
489.5 0.833 (0.832, 0.834) 0.130 (0.128,0.132)
539.1 0.802 (0.800, 0.804) 0.180 (0.173, 0.187)
584.3 0.781 (0.776, 0.782) 0.209 (0.208, 0.218)
616.3 0.790 (0.786, 0.794) 0.275 (0.260, 0.290)
671.4 0.810 (0.803, 0.820) 0.331 (0.310, 0.360)
718.5 0.801 (0.788, 0.820) 0.453 (0.430, 0.480)
735.9 0.788 (0.780, 0.800) 0.422 (0.410, 0.440)
743.7 0.811 (0.800, 0.830) 0.480 (0.440, 0.480)
834.5 0.849 (0.835, 0.870) 0.567 (0.548, 0.590)
878.0 0.848 (0.830, 0.870) 0.566 (0.550, 0.600)
919.8 0.925 (0.908, 0.960) 0.646 (0.630, 0.668)
932.1 0.933 (0.900, 0.970) 0.656 (0.630, 0.680)
988.8 1.02 (0.990, 1.06) 0.707 (0.690, 0.730)
1025.8 1.02 (0.990, 1.06) 0.705 (0.685, 0.730)
1048.2 1.00 (0.980, 1.05) 0.715 (0.700, 0.730)
1066.7 1.05 (1.03, 1.10) 0.732 (0.720, 0.750)
1085.7 0.980 (0.960, 1.03) 0.707 (0.680, 0.730)
1135.0 1.09 (1.06, 1.15) 0.784 (0.765, 0.810)
1200.7 1.09 (1.05, 1.15) 0.805 (0.780, 0.830)
1215.7 1.12 (1.07, 1.18) 0.845 (0.820, 0.870)
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Fig.6. Relative changes in the derived optical constants, n and k, resulting from two different values of the rms surface roughness, ¢ and o/,
assumed in the determination of the optical constants for three materials. The solid circles correspond ton and the open circlestok: (a) nio-
bium; ¢ = 9.3 A, o’ = 12.0 A; (b) hafnium; o = 11.6 A; ¢ = 16.0 A; (c) osmium; ¢ = 123 A, &’ = 23.0 A.

Shown in Fig. 6 is the relative difference in the
derived optical constants, defined for the index of re-
fraction as

n{o) = nle")
n{a)
with an equivalent expression for the extinction coeffi-

cient. The values of « and o’ are 9.3 A and 12.0 A for
the niobium data, 11.6 A and 16.0 A for the hafnium

relative difference = (20)
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data, and 12.3 A and 23.0 A for the osmium data; so in
all cases ¢’ > o.

It is clear from Fig. 6 that, in general, the resulting
change in the derived extinction coefficient is larger for
shorter wavelengths. This is to be expected, as the
effect of surface roughness becomes stronger as the
wavelength of light approaches the scale of the surface
height. We see also that a difference of only a few
angstroms in ¢ can result in a change of several percent



Table V. Optical Constants for CVD SIC

Wavelength
(A) Index of refraction n Extinction coefficient k
236 0.99733  (0.99735,0.99741) 0.000658  (0.000620, 0.000690)
318 0.99579  (0.99570, 0.99590) 0.00174 (0.00170, 0.00180)
44.7 0.99387  (0.99385, 0.99405) 0.00346 (0.00323, 0.00350)
87.86 0.9851 (0.9851, 0.9855) 0.0114 (0.0105, 0.01186)
114.0 0.9866 (0.9863, 0.9872) 0.0181 (0.0160, 0.0200)
135.5 0.9791 (0.9788, 0.9794) 0.00433 (0.00400, 0.00470)
1714 0.9547 (0.9535, 0.9560) 0.0110 {0.0100, 0.0120)
243.0 0.893 (0.892, 0.893) 0.0315 (0.0300, 0.0330)
256.3 0.887 (0.887, 0.889) 0.0339 (0.0325, 0.0355)
303.8 0.854 (0.853, 0.856) 0.0511 (0.0495, 0.0525)
3270 0.823 (0.821, 0.826) 0.0688 (0.0640, 0.0690)
356.8 0.797 (0.795, 0.800) 0.0909 (0.0860, 0.0940)
379.3 0.776 (0.771, 0.780) 0.117 (0.112,0.122)
405.9 0.754 (0.750, 0.753) 0.110 (0.106, 0.113)
447.8 0.688 (0.684, 0.688) 0.124 (0.120, 0.128)
460.7 0.664 (0.661, 0.664) 0.130 (0.128, 0.133)
489.5 0.608 (0.602, 0.607) 0.193 (0.187, 0.198)
539.1 0.490 (0.485, 0.493) 0.285 (0.278, 0.293)
584.3 0.401 (0.398, 0.408) 0.520 (0.505, 0.535)
616.3 0.430 (0.420, 0.440) 0.670 (0.635, 0.705)
671.4 0.507 (0.485, 0.530) 0.922 (0.870, 0.970)
718.5 0.562 (0.530, 0.590) 1.09 (1.03, 1.15)
7359 0.593 (0.550, 0.610) 1.07 (1.04, 1.12)
743.7 0.587 (0.565, 0.610) 1.08 (1.02, 1.10)
834.5 0.719 (0.680, 0.760) 1.27 (1.22,1.32)
78.0 0.811 (0.760, 0.860) 137 (1.32, 1.42)
919.8 0.789 (0.760, 0.820) 1.37 (1.32,1.42)
932.1 0.754 (0.720, 0.810) 1.33 (1.28, 1.40)
988.8 0.862 (0.810, 0.920) 1.47 (1.41, 1.53)
1025.8 1.00 (0.930, 1.10) 1.65 (1.57, 1.75)
1048.2 0.889 (0.830, 0.950) 1.63 (1.55, 1.67)
10686.7 0.857 (0.800, 0.930) 1.62 (1.54, 1.70)
1085.7 0.974 (0.920, 1.07) 1.69 (1.62,1.78)
1152.1 0.958 (0.850, 1.10) 1.76 (1.65, 1.88)
- 1200.7 1.22 (1.10, 1.35) 2.04 (1.94,2.12)
1215.7 1.26 (1.16, 1.40) 2.10 (2.02, 2.20)

in the derived values of n and k. Conversely, the
reflectance calculated from the values of n and k pre-
sented in this work may be significantly higher than
the actual measured values if surface roughness is ig-
nored in the calculation. This is because the optical
constants have been derived using a particular (non-
zero) value of o. '

We emphasize that the effect of surface roughness is
significant, especially in the soft x rays, and cannot be
ignored. We have attempted to characterize surface
roughness by optical profilometry. However, the val-
ue of ¢ which results from the optical profilometry
measurements will correspond, in general, to a differ-
ent surface roughness spatial frequency bandwidth
than that which is appropriate for the EUV and soft x-
ray reflectance measurements. Although the present
approach is only approximate, by measuring the sur-
face roughness and including these results in the deter-
mination of the optical constants, this source of sys-
tematic error has at least been minimized.

IV. Results

The measurements and data reduction techniques
just described have thus far been used to derive optical
constants for thin films of twenty-one materials. The

results for five of these materials are presented in this
paper!?; the optical constants for the remaining sixteen
materials are presented in a companion paper.!!

For each material, the details of the sample prepara-
tion are presented; for the e-beam deposited samples
this includes sample purity (when available), substrate
temperature during deposition, e-beam current, and
deposition rate. Also included are the rms surface
roughness as determined from the WYKO measure-
ments.

The results of the AES measurements are shown as
plots of the peak-to-peak amplitudes of Auger signals
of the various elements detected vs sputtering time.
For all samples, only carbon, oxygen, and silicon were
monitored in addition to the sample material. There
may, therefore, be other trace contaminates on some of
the samples which were not detected. Sputtering
rates, as determined from SiO; standards, are included
for reference.

The optical constants are presented in both tabular
and graphical form. Inthe graphs, the derived optical
constants are presented as discrete points with error
bars; some comparisons with data available from the
literature are also shown as smooth lines. In the ta-
bles, uncertainties in n and k are presented as mini-
mum and maximum values of these quantities.
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Also shown for each material are plots of reflectance
vs wavelength for six incidence angles—0, 45, 60, 75,
85, and 89°. The reflectance values shown in these
‘graphs were computed from the derived values of the
optical constants using the three-phase model de-
scribed previously and the measured values of the rms
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surface roughness. No error bars are included. The
normal incidence reflectance from 243 A to 1216 A is
also presented and compared to the reflectance as
calculated from values of the optical constants in the
literature, where available. Again the reflectances
were computed from the values of n and k using the
three phase model and the measured surface rough-
nesses.

A. Carbon

Carbon of unknown purity was evaporated using an
e-beam current of 100 mA, which resulted in a deposi-
tion rate of 3-5 A/s. Substrate temperature was kept
to under 100°C during deposition. Surface roughness
was measured tobe 17 £ 4 A. AES depth profiling was
performed with an ion etch rate of 205 + 14 A/s. The
AES profile, Fig. 7, indicates oxygen at the surface with
some oxidation at the Si interface.

The derived optical constants are presented in Fig. 8
and the reflectance in Fig. 9. The reflectance mea-
sured in this work is significantly higher than that
predicted from the optical constants of Hagemann et
al.,'3 which are shown for comparison in Fig. 9(b).
Hagemann et al. determined optical constants from
transmission measurements of thin films combined

£ T T T T i T
: #lr-
< 15 L .
: H
-2 i
g '_‘.-.; s si

=~ -

% os | T°° J

0 ! ] 1 ! |

200 400 800 800 1000 1200 1400

(<)

. T T T T T
E 3
= s L i
]
£ +%4
8 1L * = -
s ¢ / - ~ ¢
g L ~{
2 os | ¢/ ’\ -
£ " 7 N
(] (] -~

0 !’21/ 1 1 ! 1

200 400 600 800 1000 1200 1400

WAVELENGTH, A [Angsiroms]

(@

Fig. 8. Index of refraction for carbon vs wavelength from (a) 0 A to 200 A and (b) 200 A to 1400 A and extinction coefficient from () 0 A to
200 A and (d) 200 A to 1400 A. Shown also are the data of Henke et al.! (short dashed line) and of Hagemann et al.'? (long dashed line].

288 APPLIED OPTICS / Vol. 27, No. 2 / 15 January 1988



DL T Yrary gy I.‘. .I.- T
+ ®
e e L

Mr- -, -
LL
..

g 08 |, ssesd e .
-
g .
s o4 L W e : .- -
°.' u"'.- ':;.\o
il P I P
" '. - ..
0 aof 1 1 1 !
0 400 600 800 1000 1200 1400
WAVELINGTH, A [Angstroms]
(a)
1
i 1] 1 i 1)
il }
5
B ol |
5 04 | -
0.2 | a . n.‘. -
; ‘.‘ —/-'-‘-.-l..\‘
2 = -
0 sassl. = ) | 1 1

200 400 600 800 1000 1200 1400
WAVELENGTH, X [Angstroma]
(b)
Fig. 9. (a) Reflectance of carbon vs wavelength at six incidence
angles: 0, 45, 60, 75, 85, and 89°. (b) Normal incidence reflectance
vs wavelength. The data of Hagemann et al.!® are shown for
comparison in (b).

with Kramers-Kronig analysis. Also shown for com-
parison are the data of Henke et al.'* In the short-
wavelength region, the index of refraction data agrees
somewhat better with the data of Henke et al. than
with Hagemann et al. In the long-wavelength region,
the shape of the curves is in general agreement with the
data of Hagemann et al., but the broad minimum in n
occurs at a wavelength of ~550 A rather than at ~700 A
as given by Hagemann et al.

B. Synthetic Diamond

Diamond is a material of considerable interest in the
present wavelength region. Measurements performed
on bulk samples (see Palik® and references therein)
indicate a normal incidence reflectance of more than
60% near 1000 A. Unlike aluminum and silicon, how-
ever, which have even higher reflectances in this range,
diamond is presumably unaffected by exposure to air.
Recently, the technology to fabricate synthetic dia-
mond films has been developed (see, for example,
Sawabe and Inuzuka! and Ono et al.'3). Applications
for such films in the EUV would include coatings for
front surface mirrors and gratings.

The diamond film measured in this work did not
appear uniform; interference effects in visible light

were obvious, as were minute fractures near the edges
of the sample. Also, when the sample was aligned in
the reflectometer with laser light, it was found that the
surface was not uniformly flat, although it was rather
smooth; surface roughness measurements indicated an
rms surface roughness of 10 = 1 A, The departure
from a perfectly flat surface, however, may be due to
the flexibility of the thin Si substrate rather than a
problem with the film. The surface roughness mea-
surements were performed on the sample with and
without an overcoating of aluminum (to ensure opacity
for the optical interferometry), and the roughness was
essentially the same in both cases.

The nonuniformity visible to the eye was also appar-
ent in the EUV reflectance, which varied considerably
across the surface. A smallspot of ~5 mm in diameter
was found to have the highest normal incidence reflec-
tance at 1048 A, and this spot was, therefore, selected
for further reflectance measurements. Auger depth
profiling measurements were not performed on the
diamond sample. However, SEM measurements per-
formed at LANL suggested a film thickness of the
order of 1 um. X-ray diffraction measurements, also
performed at LANL, verified the diamond structure of
the film.

Due to the nonuniformity of the sample surface,
reflectance measurements were not possible below 200

At these wavelengths, reflectance measurements
must be made near grazing incidence. But such large
incidence angles require illumination of a larger area of
the surface. Since the surface was considerably non-
uniform, measurements at different incidence angles
sampled different parts of the surface and were, there-
fore, unreliable.

The optical constants are shown in Fig. 10 and the
reflectance in Fig. 11. Shown for comparison are the
data of Philipp and Taft.’® Philipp and Taft mea-
sured the normal incidence reflectance of bulk dia-
mond and used Kramers-Kronig analysis to derive
optical constants.

The optical constants shown in Fig. 10 do not agree
at all with the results of Philipp and Taft, and the
normal incidence reflectance [Fig. 11(b)] is much lower
than that given by Philipp and Taft for bulk diamond.
The lower reflectance for the present sample is disap-
pointing, but one must bear in mind that measure-
ments were made on only one sample, and this sample
was highly nonuniform; the possibility of fabricating
high-reflectance diamond films should not be ruled
out.

C. Aluminum

Aluminum of unknown purity was evaporated using
an e-beam current of 300 mA, resulting in a deposition
rate of 20-25 A/s. The substrate was held to room
temperature during deposition. Surface roughness
was measured tobe 21.3 £ 3 A. Aluminum is known to
rapidly form an oxide layer of the order of 40 A thick.
The sample measured here also has oxidized. The
AES profile shown in Fig. 12 indicates oxidation and
carbon contamination essentially confined to the sur-
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face of the film and oxidation at the Si interface. Ion
etching was performed with a sputtering rate of 176.5
+ 8.6 A/min.

The optical constants are shown in Fig. 13 and the
reflectance in Fig. 14. Shown for comparison are the
data of Henke et al.'* and Shiles et al.,!” which were
taken from Palik.® Also shown are the data for Al;0;
of Henke et al. and Hagemann et al.'® The data of
Shiles et al. were determined from data taken from
many sources combined with Kramers-Kronig analy-
sis. Hagemann et al. measured the transmission of
thin films and also used Kramers-Kronig analysis to
derive optical constants.

From Fig. 14(b), it is apparent that the normal inci-
dence reflectance is lower than that reported by both
Shiles et al. for Al and Hagemann et al. for Al;0;. In
Fig. 13, the L-absorption edge of Al is visible in the
extinction coefficient at 170 A and appears as a pimple
in the index of refraction. The data for n and k agree
well with those of Shiles et al. below ~500 A. Above
500 A, there is significant departure from the data for
both Al and Al;O,.

D. Silicon
Silicon of 99.999% purity was evaporated using an e-
beam current of 75 mA, resulting in a deposition rate of
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Fig.12.

3-7 A/s. The substrate temperature was kept to 75°C
during deposition. Surface roughness was measured
to be 18.7 + 2.5 A. The AES profile shown in Fig. 15
indicates the presence of oxygen and carbon through-
out the film. Ion etching was performed with a sput-
tering rate of 178.4 + 4.7 A/min.
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The optical constants are shown in Fig. 16 and the
reflectance in Fig. 17. Shown for comparison are the
data for silicon of Henke et al.'* and the data taken
from Palik® for both crystalline and amorphous Si.
Alsoshown are the data for 8i0, of Henke et al. and the
data of Palik for crystalline and amorphous SiOs.

In the short-wavelength region, the data agree better
with those for SiO; than with Si. The feature at 123 A
is the L-absorption edge in Si, and that at 23 A in the
Si0,data is the K-absorption edgein O. At the longer
wavelength, the normal incidence reflectance is lower
for most wavelengths than that given by the data taken
from Palik for both Si and SiO;. The optical data
show essentially none of the sharp features apparent in
the SiO; data nor do they agree well with the data for
Si, for wavelengths >600 A.

E. CVD Silicon Carbide

Silicon carbide is well known for its high reflectance
in the EUV. Its optical properties combined with its
desirable thermal and mechanical properties make it
particularly attractive for use in synchrotron and
space astronomy instrumentation.

The details of the sample fabrication for the SiC
sample measured in this work can be found in Ta-
kacs.!®* Unlike the other samples measured in this
work, the SiC sample was precleaned prior to reflec-
tance measurements. Following the procedure out-
lined by Rehn et al.,'® the sample was heated to 70°C
for 30 min and then etched in concentrated HF before
being transferred in air to the reflectometer. Surface
roughness measurements indicated an rms surface
roughness of 15 + 1 A. Auger depth profiling mea- -
surements were not performed on the CVD SiC sam-
ple.

The optical constants are shown in Fig. 18 and the
reflectance in Fig. 19. Shown for comparison are the
data of Henke et al.,'* Osantowski,” and Rehn et al.'?
and Leveque and Lynch (unpublished) which were
taken from Palik.?

The normal incidence reflectance [Fig. 19(b)] is close
to that given by the data taken from Palik, but for
wavelengths >600 A the reflectance is not quite as
high. The optical constants agree very well with those
given by both Henke et al. and Osantowski, but the
index of refraction departs from the data of Palik
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above 600 A. The silicon L-absorption edge is visible
in the extinction coefficient near 123 A. The only
other significant feature in the data is the dip in the
index of refraction curve near 600 A.

V. Conclusion

A nonlinear least-squares curve-fitting technique
based on the x? test has been applied to the derivation
of optical constants from reflectance vs angle of inci-
dence measurements. The technique incorporates in-
dependently measured values of the film surface
roughness, film thickness, and incident beam polariza-
tion. Additionally, probable errors in the derived op-
tical constants can be estimated directly by evaluating
confidence intervals in parameter space, as described
in Sec. IIL.

The curve-fitting technique was used to derive opti-
cal constants for thin film samples from reflectance vs
angle of incidence measurements using a computer-
controlled reflectometer. The optical constants for
samples of C, diamond, Al, Si, and CVD SiC have been
presented in this paper; optical data for sixteen metals
are presented in a companion paper. Auger electron
spectroscopy depth profiling measurements were used
to evaluate sample composition including oxidation
and contamination.

The differences between the present results and
data taken from the literature can be explained in part
by genuine sample differences, although some of the
results may not agree because of differences in data
reduction techniques. It is clear from the AES depth
profiling measurements that the Siand Al samples are
highly oxidized. The optical data for these two sam-
ples are, therefore, inappropriate for UHV coating ap-
plications. The determination of the optical con-
stants for UHV prepared films of these and other
materials using the present techniques would require
an ultrahigh-vacuum reflectometer preferably with in
situ deposition and AES capabilities. Additionally,
possible future work would be performed using syn-
chrotron radiation so as to provide better energy reso-
lution and also include measurements of the sample
crystallinity.

The optical constants presented in this work were
determined assuming particular values of the surface
height ¢. The reflectance calculated using the values
of n and k thus presented will be higher than that
actually measured, especially for the shorter wave-
lengths, unless the surface roughness is included in the
calculation using the Debye-Waller factor in the Fres-
nel reflection coefficients. Surface roughness is an
important parameter in the EUV and soft x rays and
should not be ignored; although the method presented
here to account for surface roughness is only approxi-
mate, the systematic error which would otherwise re-
sult in the derivation of the optical constants has been
minimized.
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