JOURNAL OF RESEARCH of the National Bureau of Standards—A. Physics and Chemistry
Vol. BOA, No. 4, July-August 1976

Structure-Related Optical Characteristics of Thin Metallic

Films in the Visible and Ultraviolet

H. E. Bennett and J. L. Stanford

Michelson Laboratories, Naval Weapons Center
China Lake, California 93555

(November 20, 1975)

Surface irregularities and crystalline order strongly influence both the scattered light
and absorption of metallic films. These effects extend through all spectral regions but are
particularly important in the wvisible and ultraviolet. Seattered light arises from several
scattering mechanisms. Macroscopic irregularities such as dust, scratches and particulates
are typically much less important than are microirregularities only a few tens of angstroms
in height but covering the entire surface. For metals such as silver and aluminum, which
have plasma edges in the ultraviolet, the excitation of surface plasmons resulting from these
microirregularities causes additional incoherently reemitted or “scattered” light. Surface
plasmon excitation also ecauses increased absorption in some wavelength regions. These
effects are enhanced by dielectrie overcoating layers, which both increase the absorption
and scattering and shift the wavelength at which the peak occurs. Surface plasmon excitation
is particularly important in the ultraviolet region, where the dielectric overcoating applied
to prevent formation of an oxide film on aluminized mirrors, for example, ean significantly
change the mirror reflectance. Plasmon excitation is made possible by a momentum con-
serving process associated with material inhomogeneities and hence can presumably be
caused by crystalline disorder in the metal surface as well as surface irregularities. If the
disorder is present on a sufficiently fine scale, it also affects the band structure of the metal
and hence its optical absorption. Examples of the effect of film structure on the optical
properties of evaporated and sputtered metal films will be given.
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I. Introduction

The optical characteristics of opaque metal films
which are of most interest are the fraction of the
light which is either absorbed or scattered by the
films. The most commonly assumed mechanism for
light scattering consists of reflection from numerous
tiny secratches, dust particles and other surface
blemishes which act as tiny mirrors oriented at
various angles to the surface normal. This picture
has marginal merit in the infrared, where scattering
from particulates and surface blemishes usually is
dominant, but is not the important mechanism for
light scattering from optical surfaces in the visible
and ultraviolet regions of the spectrum. To the ex-
tent that it is a geometrical optics phenomenon,
scattering from surface blemishes such as scratches
will be independent of wavelength. Particulate scat-
tering, however, is largely a diffraction phenomenon.
Closely related 1s resonant scattering and absorption
associated with the polarization characteristics of
individual irregularities in the metal surface. To the
approximation that these irregularities are inde-
pendent, i.e., that the scattering from one irregu-
larity is unaffected by the presence of its neighbors,

we may compute the resultant scattering and ab-
sorption approximately from the Mie scattering
theory. Particulate scattering and scattering from
large “‘macroirregularities” can usually be regarded
in this way. However the dominant source of scat-
tered light for good optical surfaces in the visible
and ultraviolet regions is closely spaced micro-
irregularities only a few tens of angstroms in height.
These microirregularities scatter and absorb collec-
tively and cannot be regarded as independent. They
can be treated statistically, and give rise to several
interesting phenomena.

When monochromatic electromagnetic waves are
incident on a smooth metal surface they induce
virtual surface currents within the skin depth of the
metal. The currents are virtual since the electrons
in the metal have too much inertia to couple to the
wave, but they have the same wave vector along
the surface as the incident wave. Thus the radiation
from these currents must also have the same wave
vector along the surface as the incident wave, and the
radiation leaves the surface in the specular direction.
When surface irregularities are present, the current
distribution is modulated according to the distribu-
tion of surface heights as well as their correlation

643



along the surface. Additional tangential components
are thus introduced into the wave vector of the cur-
rent distribution producing nonspecular or scattered
light. If we confine ourselves to total integrated
scatter (TIS) and ignore its angular dependence or
polarization at nonnormal incidence, the scattering
caused by perturbation of the virtual current dis-
tribution can be described by classical diffraction
theory in the Kirchhoff integral approximation. This
effect 1s the most important source of scattered light
in the visible and ultraviolet wavelength regions.

Actual surface currents can exist in the skin depth
of the metal but their allowed phase velocity is
lower than that of the virtual currents induced on a
smooth surface by an incident light wave and thus
no coupling occurs. However when microirregularities
are present, coupling can in some cases occur and
these surface charge waves can absorb energy from
the incident light. These surface charge waves are
quantized into units termed surface plasmons with
a fixed energy-wave vector relationship. Once
excited they may decay thermally into single
electron excitations or they may radiate because of
their acceleration along the curved surface irregu-
larities. Surface plasmons are strongly affected by
the presence of a dielectric layer on the metal sur-
face. Both absorption and scattering are often greatly
enhanced, a result which has significant implications
since protective dielectric overcoating layers must
be used to prevent oxidation of aluminum reflectors
in the ultraviolet or sulfide formation on silver
reflectors used at longer wavelengths. To minimize
surface plasmon related absorption and scattering
in such cases the mirror must be extremely smooth.

Other structure-related mechanisms also affect
the optical properties of metals. Both mechanical
abrasion and the inherent disorder in polycrystalline
films of vacuum evaporated or sputtered metals
result in increased absorption. The crystalline im-
perfections in such metal samples modify the elec-
tron energy band structure, permit excitation of
surface plasmons by the incident electromagnetic
fields, and affect the motion of conduction electrons.
In the latter case the effect is greatest in the infrared,
where the optical properties of metals are determined
by the mean free path and number of conduction
electrons.

In the visible and ultraviolet the response of single
electrons in metals to incident light is influenced
significantly by interband electron transitions. Be-
cause the energy band structure results directly
from the regularity of the lattice structure, lattice
distortion produced by mechanical abrasion or
polyerystalline film growth affects the optical re-
sponse of metals. The optical properties of metals
thus prepared are notoriously nonreproducible in
the visible and ultraviolet. In addition to single
electron effects, the inhomogeneities resulting from
the disorder permit absorption via excitation of
collective electron oscillations, namely, surface plas-
mon excitation. The combination of these two effects
can significantly reduce the reflectance of metals in

the visible and ultraviolet through increased
absorption.

Surface irregularities can also affect the mean free
path of the conduction electrons near the metal
surface. The conduction electrons have a de Broglie
wavelength associated with their energy and may be
thought of as a wave motion incident on the metal
surface from inside. If the surface is perfectly smooth
they reflect specularly and there is no change in their
mean free path between collisions, i.e., the electron-
surface interaction does not represent a collision in
the specular case. If the conduction electrons are
diffusely reflected, however, as they will be if surface
microirregularities are present which are not ade-
quately screened by the surface electron cloud, reflec-
tion from the surface does represent a collision and
the electronic mean free path will be decreased with
consequent increase in absorption. This “anomalous
skin effect” [1]! is important in the infrared region
of the spectrum [2].

Surface microirregularities as well as macroirregu-
larities may modify the optical properties of a metal
surface through resonant scattering and absorption
of light associated with resonance effects in the
polarization characteristics of individual irregulari-
ties. These effects are equivalent in many ways to
scattering from small dispersed particles and may be
calculated in the first approximation using Rayleigh
or Mie scattering theory.

In this paper we will first discuss briefly the
theoretical predictions for optical absorption and
scattering in metal surfaces due to structure-related
mechanisms. Those which appear to be most im-
portant in the visible and ultraviolet regions are
scattering and absorption from isolated microirreg-
ularities, and diffraction effects from correlated ir-
regularities including the optical excitation of surface
plasmons. We will then discuss instrumentation for
measuring scattering, absorption, and surface struc-
ture, and finally will show some experimental results
for silver and aluminum surfaces.

Il. Theory

A. Light Scattering and Absorption by Isolated
Irregularities

If we assume that we can treat each scattering
center independently, the scattering may be com-
puted using the Mie theory. Consider first non-
absorbing  irregularities.  Assuming  spherical
scattering centers and defining z as z=2wa/\ where
a is the particle radius, A the wavelength and n the
index of refraction, the ratio @, of scattering to
geometrical cross section of the scatterer for nz

< 0.8 is (3]

Qs=§ zh ::—;;) [1+§ g:%)x2+i| (1)

The Rayleigh 1/A* law for # <<1 follows from eq
(1). For z >>1, @,=2. In the region z ~1 a some-

1 Figures in brackets indicate the literature references at the end of this paper.
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times complicated resonance occurs. E. D. Bailey [4]
has suggested the universal scattering curve shown
in fig. 1 as a first approximation to this resonance.
If the index of refraction of the scattering center
is in the 1.3-1.4 range, the resonance then occurs
when the diameter of the scattering center is approxi-
mately equal to the wavelength. Dust particles
are probably largely nonabsorbing.
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Fieure 1. Theoretical prediction of scatlering cross seclion Q,
as a function of the ratio of particle diameter d to wavelength \
times a function of index of refraction.

The graph is caleulated for spherical, nonabsorbing particles, The effective
area of each scattering center is »d?Q,/4.

where the complex index Ai=n—ik and k is the
extinetion coefficient. The term in brackets gives the
absorption and the second term the scattering as in
eq (1) except that now 7 is complex. A resonance
would still oceur in this case, but as % increases the
short wavelength side of figure 1 will fall off less
rapidly than for the nonabsorbing case.

B. Scalar Scattering Theory

In addition to particulates and other isolated
irregularities on an optical surface, there are also
closely spaced irregularities, often having very small
deviations from the mean surface level (MSL), which
scatter and absorb collectively. The effect of these
interdependent irregularities may be understood by
considering the surface current induced by an
mncident electromagnetic wave. Figure 2 illustrates
the surface charge wave which would be induced if
the electrons in the metal could move rapidly enough.
These charge waves are virtual states under most
conditions since the charge density waves which can
actually exist within the skin depth of a metal have
phase velocities w/k, which are less than the velocity
of light ¢/ in the dielectric in contact with the metal

If the index of refraction of the scattering center
is complex, as would be the case if scattering were
occuring from an asperity on the metal surface
rather than from a dust particle, both absorption
and scattering would occur. The ratio @, of extine-
tion cross section to geometrical cross section,
which includes both scattering and absorption,
would then be given by [3]

2

(2)

Optical phase velocity
w.‘kq cin

Dielectric
Metal

Surface plasma phase velocity

Induced phase velocily wfhutunf} clnsin@
wike cin

Fieure 2. Surface charge wave induced by the eleciric field of
an incoming eleclromagnetic wave.

The dashed lines indicate maximum field strength. The induced charge wave
is virtnal sinee its Ehasn veloeity is > the welocity of light, and a real surface
plasma wave must have a phase velocity < ¢/n.

surface, whereas, as seen from figure 2, the phase
velocity of induced surface charge waves is greater
than ¢/n. The component of the wave vector of this
induced virtual surface charge wave is &, sin 8 where
k, is the wave vector of the incident light and 6 the
angle of incidence. The radiation from this induced
current must also have the same wave vector com-
ponent along the surface in order to satisly the
boundary conditions associated with the fields.
Therefore, the radiation from the surface leaves in
the specular direction. However if irregularities were
present on the surface, the current distribution
would be modified according to the heights of these
irregularities as well as their correlation along the
surface. Additional tangential components are thus
introduced into the wave vector of the current dis-
tribution producing nonspecular or “scattered’ light.

An example of the effect of correlated surface
irregularities on light reflected from a surface is
furnished by a reflection grating with groove spacing
d shown in figure 3. The wave vector K associated
with the grating grooves is K=2x/d. If light with
wave vector k, is incident on the grating, in the N=0
order, the light is reflected specularly and has a com-
ponent of its wave vector along the surface of k, sind
as in the case for the smooth surface. In other orders
the magnitude of the wave vector is unchanged
(i.e., the wavelength of light reflected in various
directions is the same) but the component of the
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Fraure 3. Momentum transfer from a grating surface fo a
light beam.

ko is the veetor of the incident light, N the order of interference, 4 the line
spacing on the grating, and K the wave vector for the grating surface.

wave vector along the surface of the grating is
increased by multiples of K, the wave vector asso-
ciated with the grating surface. Photons in the light
incident on the grating have energies of fiw and
momenta of fk,. The photons reflected from the
grating have the same energy but the component of
their momenta along the surface has been altered
by integral multiples of the momentum /K associated
with the grating surface. The effect of a rough surface
can thus be interpreted as supplying an additional
tangential momentum component to the reflected
photon without changing its resultant energy or
total momentum AiK,=hw/e. The momentum which
the surface can supply is determined by the statisti-
cal character of its surface irregularities.

The angular dependence and polarization of scat-
tered light requires an involved theoretical analysis
[5,6]. However, if we confine ourselves to total inte-
grated scatter from irregularities which are large
laterally relative to the wavelength of light, the scat-
tering caused by perturbation of the virtual surface
current distribution can be described quite simply
by classical diffraction theory in the Kirchhoff inte-
gral approximation[7-9]. A statistical representation
of the surface irregularities is sufficient to make the
calculation. Of primary importance is the height
distribution function of surface irregularities about
the MSL. Interferometric analyses using fringes of
equal chromatic order (FECO mterferometry) indi-
cate that the height distribution function of real
optical surfaces is very nearly Gaussian[10]. For a
surface with a Gaussian height distribution the ratio
of the specularly reflected light R to the total reflec-
tance R, is[8]

R

_Uze—(-twamz (3)

where & is the rms value of the height of surface
microirregularities about the MSL. Equation (3) is
exact [9] for all values of /A and expresses the

fraction of the reflected light which is reflected
coherently from different points on the surface.
However as é/A—1 an increasing amount of in-
coherently reflected or scattered light falls very
near to the specular direction and cannot be separated
from it experimentally. Therefore eq (3) i1s most
useful in describing the experimentally observed
scattered light for §/A<_<1. In this case the exponent
may be expanded, giving the scattered light AR as

AR=Ry(4m5/\)% (4)

Two precautions must be observed in using eq (4):
(1) the rough surface total reflectance must be used
for R,. It may or may not be equal to the smooth
surface reflectance, and (2) scattering from surface
plasmon excitation and decay must be excluded,
1.e., scattering measurements to determine § must be
taken in wavelength regions where surface plasmon
excitation Is not umportant.

Figure 4 shows the fractional scattering AR/R,
predicted by eqs (3) and (4) as a function of wave-
length and surface roughness. The solid diagonal
lines give the theoretically predicted scattering
levels. The dashed vertical lines show typical
roughness values for superpolished optical surfaces,
high quality glass optics and high quality metal
optics polished by conventional techniques. In the
photographic infrared typical metal coated glass
mirrors will scatter about 0.1 percent of the reflected
light. This value quadruples in the visible region and
in the near ultraviolet approaches 1 percent. At
shorter wavelengths it increases still further, although
in the vacuum ultraviolet the situation is unclear.
In the intermediate and far infrared scattered light
caused by microirregularities becomes quite low and
other types of scattering become important.
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Frovnre 4. Theoretical predictions for scattering as a funciion
of roughness and wavelength.
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C. Optical Excitation of Surface Plasmons

The ‘‘scalar scattering theory’ described above
predicts a monotonic increase in scattering with
decreasing wavelength. Several years ago we and
others [11-13] found that slightly rough metal
surfaces can exhibit resonant absorption in the
spectral range near the metal’s surface plasmon
frequency. Accompanying this resonant absorption
is increased scattering which also occurs predomi-
nantly in the surface plasmon region. These phe-
nomena may be interpreted in terms of optical
excitation of surface plasmons, [14], which then
decay either thermally (absorption) or radiatively
(scattering). Surface plasmons may be exeited
optically in either thin metal films, where the surface
oscillations at the two surfaces can couple, or in
thick films (i.e., significantly thicker than the optical
penetration depth of the light, which for the best
conductors is a few tens of nm). We will consider
only the thick film case here.

The allowed surface charge waves which may exist
on a conducting surface may be obtained directly
from Maxwell’s equations, which may be written in
Gaussian units as [15]

v-D=0 (5)

v-H=0 (6)
10H

v X EZ—E 73? (7

va=¢§(ﬁ—agE (8)

where ¢ and e, are the real and imaginary parts of
the complex dielectric constant e and the other sym-
bols have their usual significance. Choosing a co-
ordinate system at the metal-dielectric interface in
which z is directed into the metal along the surface
normal and ¥ and z are in the plane of the interface,
Maxwell’s equations are satisfied by the transverse
magnetic (TM) wave solution

E=E(z)e¢!twt k2 (9)

where E,=H,=0 at z=0. From eqs (5), (8) and the
wave equation given by v X v X E, we obtain

Bt 0k

2= (10)

H,,(x)zr—;; E, (11)

2 2
%‘(’“"‘wf—é) E.—o. (12)
Solving eq (12) gives

.y — (k2= gf jefyli2
Ez"'Emg @ emlt 3

z >0

=E,e+%- w?e4/eH12% 2<0
where subscripts m and d refer to the metal and
dielectric respectively. E, and H, can be calculated
from E, using eqs (10) and (11). The TM surface
charge waves are evanescent with phase velocity
w/ky. Boundary conditions are that eF, and dF,/dx
are continuous across the metal-dielectric interface,

giving
k=3(jﬂi)m
¥ c em+ €q

Equation (14) is a general relation giving the wave
vector of the surface charge wave in terms of the
complex dielectric constants of the metal and
dielectric. Note that a resonance can oceur if ;= — ¢,
wheree,, —e;—ie; and that it will be strongest when
€:2=0 i.e., damping is minimized. For real metals ¢,
is a complicated function. However, for a free electron
metal with no damping

(13)

(14)

en=61=1—wp*/w? (15)
where w, is the plasma frequency. Substituting in
eq (14) we obtain the dispersion curve for surface
charge waves at a free electron metal-air interface:
w=w,{0.54 (ko/k,)*+[0.25+ (ko/ke,)*]1/2}1/2  (16)
where k,=w,/c. Letting k—» we see that there will
be a maximum frequency w,, which the plasmon
can have where
Wsp:‘-ﬂn/(l"'fd)uz- (17)
For a metal-air interface, then, the maximum fre-
quency which surface plasmons in a free electron
metal can have is w,/v/2.

Equation (16) is plotted in figure 5 as the solid
line. Note that the &, value for the surface plasma
waves is always larger than that of the incident
light waves having the same energy and becomes
very much larger near the limiting frequency.
The density of allowed states is highest in this
energy region. The momentum which must be
furnished by the surface for coupling to oceur is, for
normally incident light, all of that to the left of the
surface plasma wave dispersion curve, since the
wave vector of normally incident light has no
component parallel to the surface and the wave
vector of the surface wave is entirely in the surface.
For grazing incidence light, only the difference
between the “light line” w=ck k, and the dispersion
curve need be supplied and in the “retardation
region’”’ where w< < w,, they approach coincidence.
In the grating illustrated m figure 3 an order of
interference could occur for which light would be
diffracted at a grazing angle. If the frequency of the
light were in the retardation region, coupling could
then occur and energy would be absorbed by the
grating from the beam to excite surface plasma

. waves. This situation does occur and is the origin
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Fraure 5. Dispersion curves for light waves and surface plasma waves at a
metal-dieleciric interface where the dieleciric has a refractive index of unity
(solid lines) and an index of n >1 (dashed lines).

. Surface wave modes exist for all values of @ below a limiting frequency w., but the density of states
is highest near w,py. As the index increases w,p decreases and the k values for the surface waves remain

larger than those associated with the light waves.

of the Woods anomalies in diffraction gratings.
[11, 16]. ) '

A dispersion curve analogous to eq (16) can also
be calculated from eqs (14) and (15) when the di-
electric is not air. Such a curve is shown in figure 5
as the dashed line with its associated “light line.”
The effect of increasing e, is to lower w,, and move
the frequency associated with a given k, to lower
values. Thus when a dielectric is deposited on a
metal surface without affecting the resultant 4,
values, we would expect resonances in absorption
or scattering to move to longer wavelengths.

“aleulating the coupling probability between
incident photons and surface waves resulting from
surface roughness is a difficult quantum mechanical
problem. It has been attacked by Elson and
Ritchie [17] by means of a perturbation calculation in
which damping 1s neglected. They obtain the
probability that a photon of energy e incident
normally on a rough surface will be converted into
a surface plasmon, which may be written as the
decrease in reflectance of the specular beam AR,,
where

atiw=5() =i (il ) 09

where g is the surface structure factor, which is the
two dimensional Fourier transform of the auto-
covariance function of the surface roughness. In
general, as the autocovariance length a of the sur-
face irregularities becomes longer the momentum
spectrum of surface roughness becomes more con-
centrated toward the origin in %k, space and the

probability for photon-surface plasmon conversion
becomes lower. Thus the optical excitation of surface
plasmons will be relatively weak for gently rolling
surfaces and much stronger for more jagged surfaces.
In addition it will increase with the square of the
rms height of surface irregularities and will also
increase as the wavelength of the incident light
decreases. Theoretical absorption curves calculated
from eq (18) for optical excitation of surface plasmons
on a free electron metal surface having Gaussian
height distribution and autocovariance functions
are shown in figure 6 for various values of a. As a
becomes larger relative to A, the peak absorption
decreases but the wavelength range over which an
effect occurs becomes longer. Thus although the
magnitude of effect is less for a gently rolling surface
than for a jagged one, the wavelength range over
which the effect may be important should increase.

lll. Experimental Procedure

In order to accurately measure scattering and
absorption in the visible and ultraviolet regions and
to relate them to surface structure, various non-
standard instruments are required. Four types of
instruments which have been of particular help at
Michelson Laboratory are the NWC Scatterometer
and the Optical Evaluation Facility for measuring
scattered light, the NWC Absolute Reflectometers
for measuring reflectance, and the NWC FECO
Scanning Interferometer for determining the struc-
ture of optically polished surfaces. A brief description
of these instruments follows.
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Fraure 6. Absorption in a free electron metal caused by surface
plasmon excitation.

Ap is the limiting wavelength for surface plasmon exeitation, a the autocovari-
ance length and § the rms surface roughness, both assuming a Gaussian model,
and AR the inerease in absorption for wavelength A, Caleulations are based on the
Crowell-Ritchie model.
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Ficure 7. Schematic diagram of Scalleromeler.

The symbols are defined in the text.

A. NWC Scatterometer

Figure 7 gives a schematic diagram of the NWC
Scatterometer [18]. Mirrors are indicated by M,
lenses by L, slits by E, apertures by A, the adjustable
diaphragm by D, the photomultiplier by PM, and
its shutter by Sh, and the dispersing prism by P.
In operation dispersed light from either a high pres-
sure xenon arc Xe or a tungsten filament W 1s used.
Alternatively, a low pressure mercury arc Hg may
be used as a monochromatic source with the aid of
filters F. The light is collimated and a pencil beam
1 mm in diameter passes through A; to strike
sample S, a plane eircular sample 3.86 ¢cm in diameter,

at an angle of incidence of 15°. Specularly reflected
light passes out along the axis of internally alumi-
nized cone C of semivertex angle 18°45" and is re-
flected by Mg to PM. It may be entirely blocked
by B, which is situated at the focus of A; and re-
moves all light within a half angle of 37" of the
specular direction. Light scattered within 20° of the
specular direction strikes Mg directly and is focussed
at A;. At larger scattering angles light is reflected
from C to Mg, which then images the virtual object
formed by reflection from C as a ring which can be
blocked off by rotating aperture A,. By manipulating
B, D, and A, light scattered into all angles or into
a range of angles between 37" and 1%° to 20° may
be ratioed to total sample reflectance. Advantages
of this instrument are that it uses mirror optics and
thus is nearly independent of wavelength, it does
not rely on having a Lambertian surface as does an
integrating sphere, and it is sufficiently efficient to
measure scattering levels down to below 107 when
care is taken to ensure that the detector and elec-
tronies are linear over this dynamic range. A three
polarizer unit [19] is helpful for such linearity
mvestigations.

B. Optical Evaluation Facility

For measuring scattered light from flat or curved
samples of various shapes up to 40 em in diameter the
Optical Evaluation Facility shown schematically in
figure 8 is useful. This instrument, which is somewhat
more straightforward in concept than the Scatterom-
eter, utilizes Coblentz spheres, indicated by C,
and pyroelectric detectors D to measure scattered
light in either reflection (for opaque samples) or
transmission (for semitransparent ones). Back-scat-
tering from transparent samples can also be meas-
ured. Approximate reflectance measurements can be
made by using for comparison a reflectance standard
R, that has been calibrated in the absolute reflectom-
eter. Over 20 laser lines ranging from the ultraviolet
through the intermediate infrared are available, and
by utilizing rotatable detector IJ, bidirectional re-
flectance distribution function (BRDF) measure-
ments may also be taken. In addition to the pyro-
electric detector a silicon detector for added sensi-
tivity in the wvisible region is mounted on I,
Sample movement and data reduction are automated
and computer controlled so that a sample surface
can be scanned automatically to determine scattering
levels as a function of position on the surface.

C. NWC Absolute Reflectometer

For making absolute spectral reflectance measure-
ments the principle shown in figure 9 is employed.
Light is reflected at nearly normal incidence from
the sample S to a spherical mirror whose center
of curvature is at the center of the sample surface.
The mirror reimages the beam on the sample where
it is again reflected and passes out to the detector.
This scheme has several advantages. Most important
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Fiaune 8. Schematic diagram of the Optical Evaluation Facility
showing lasers and available laser lines, mirrors M, lens L,
spatial filter SF, attenuation filters I', chopper Ch, diaphragm
d, beam collector B, Coblentz spheres C, pyroelectric deteclors
D, samples S and R.

Froure 9. Principle of double reflection absolute refleciometer
showing cancellation of beam deviation caused by sample
tilt.

is cancellation of beam deviation resulting from
sample tilt. If the sample is tilted to S’, as shown in
the figure, the beam is deviated through twice the
tilt angle and strikes mirror Mg at a slightly different
place. A spherical mirror used at its center of curva-
ture images an object at the same place regardless
of where the light beam from the object strikes the
mirror surface, so Mg reimages at the same point for
position S’ as it does for position S. Since the sample
1s plane, on the second reflection the beam tilt
introduced on the first reflection is exactly cancelled.
M; has a long focal length to give a relatively large
effective f number, so that both S and S are within
the focal range of the mirror. Thus, in our reflectom-
eters one can reach in, tilt the sample manually
and observe no change in the beam at the detector
position even when it is viewed with a high power
microscope. In this way the most common cause

of systematic error in reflectance measurements is
eliminated.

Figure 10 shows a schematic diagram of one of
our three absolute reflectometers [20, 21]. The
sample is mounted at S and can be removed from the
beam, in which case light falls on M,;, a mirror nearly
identical to Mg, and returns to follow the same
optical path as for the sample-in position. The
optical path length is the same for sample-out
and sample-in, so no differential atmospheric absorp-
tion can occur and the same areas of the same mir-
rors are used for both cases with the exceptions of
Mg and M,;. By optically interchanging them by
rotating the sample about a vertical axis in the
plane of its surface, possible systematic errors
resulting from differences in Mg and M,; are
cancelled.

Another advantage of a double reflection from the
sample is that the beam is not reversed side to side.
When a single reflection is used and the detector
swung from the straight through, sample-out position
to the reflected light position to make an absolute
reflectance measurement, the beam is reversed side
to side on the detector. Any nonuniformities in the
detector or intervening opties will introduce a
systematic error into the measurement. In a double
reflection the beam is reversed twice so this error is
eliminated. A similar argument can be made for the
plane of polarization if it is not in the vertical
direction.

The reflectometer shown in figure 10 uses mirror
optics entirely so that measurements can be made
from 0.3 to 30 um. A double-pass monochromator is
used to minimize light scattering in the infrared
from wavelengths shorter than that used. For
ultraviolet measurements double passing is less
effective and a second absolute reflectometer shown
in figure 11 employs a double monochromator. This
reflectometer also has fewer reflections. The angle of
incidence for both instruments is about 5°. For
unpolarized light the reflectance at 5° differs from
that at normal incidence by less than one part in
10* for all real materials. A third absolute reflec-
tometer consisting of a one-meter grating monochro-
mator, a single sample reflection and a rotatable
sodium salicylate-coated light pipe-photomultiplier
detector system is used for measurements in the
vacuum ultraviolet [20].

D. FECO Scanning Interferometer

In order to compare observed values of scat-
tering and absorption caused by surface irregularities
with theoretical predictions, a direct measurement of
surface structure is required. The FECO Scanning
Interferometer which was developed by J. M. Ben-
nett of our laboratory [10, 20] is shown schematically
in figure 12. Studies of individual irregularities and
statistical surface characterization can be performed
with this instrument. The sample to be measured
forms the top half of the interferometer 1 and is
illuminated in reflection by xenon arc lamp Z.
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Figure 10. Schematic diagram of absolule reflectomeler for use in visible and infrared wavelength
regions employing principle illustrated in figure 9: sample S, transmission sample T, mirrors M,
lens L, thermocouple delectors D, pholomultipler P, slits I, chopper ', visible light source A,

globar (infrared source) G, and filler F.

SOURCE

Ficure 11. Schematic diagram of absolute reflectometer for use
in the wliraviolet and visible wavelength regions employing
principle illustrated in figure 9: sample S, mirrors M, prisms
P, lead sulfide detector PbS, photomultiplier detector PM,
slits E, chopper C, hydrogen Hy or tungsten W sources.

FECO fringes contouring the surface are formed in
the focal plane of a slow scan TV camera along with
reference wavelengths for determining fringe posi-
tion as indicated in the right portion of the figure.
The output of the TV camera is fed to a computer
system to provide the height distribution function,
slope distribution function and autocovariance func-
tion characterizing the surface irregularities. The
height of the spectrometer slit defines the 1 mm length
of the long narrow section of the sample which is
evaluated; the lateral resolution of the system is
2 um. By translating the sample sideways the pro-
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Ficure 12. Schematic diagram of FECO Scanning Inierferom-
eler.
The image detected by the slow sean TV camera is shown at right center and a

single scan line is shown above it: interferometer I, xenon are Z, lenses L, beam
splitter B, silt S and prism P.

jected slit can be made to sweep out an area on the
sample surface for statistical characterization.

IV. Results

A. Scalar Scattering

The height and slope distributions for a super-
polished Cervit flat [10], as determined using the
FECO Scanning Interferometer are shown in figure
13. A Gaussian curve having the same area as the
histogram giving the experimental data is also shown.
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Fraune 13. Height and slope distribution functions for a superpolished Cervil
optical flat obtained with the FECO Scanning Interferometer.

The smooth curves are Gaussians that have the same area under the curves as the measured
histograms.
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Ficure 14. Scatlered light as a function of wavelength for a
polished copper mirror.

The circles represent the hemispherical scatter measurements taken on the
Seatterometer and the squares measurements taken on the Optical Evaluation
Facility. The solid enrve is the hemispherical scattering predicted by the sealar
scattering theory,

The fit is quite good so that eq (3) can be used to
calculate the scattering level. Both glass and polished
metal surfaces examined thus far do have height
distribution functions that are nearly Gaussian [10],
although their autocovariance functions are strongly
non-Gaussian [10]. Figure 14 shows the light scat-

tered from a polished copper mirror. The circles
represent data taken with the NWC Scatterometer
and the squares data that are taken with the Optical
Evaluation Facility. The agreement between the two
instruments is quite good. The solid line is the scat-
tering level predicted by eq (3) for a 31 A rms
surface. Agreement here 1s also quite good.

The rms roughness of an optically flat surface can
be determined independently by using the FECO
Scanning Interferometer. A comparison of values for
polished glass surfaces [22] obtained from scattered
light measurements and FECO interferometry is
given in table I. Agreement again is quite good.

For some polished metal samples the agreement
between FECO and scattered light measurements is
not as good as that shown in table I. Reasons may
be that the surface is gently rolling with a long
autocovariance length, that optical excitation and
reemission of surface plasmons is oceurring, that the
height distribution funetion is not quite Gaussian,
that contributions to scattered light are being made
by irregularities too small to be resolved by the

Tanue 1. Comparison of rms roughness values of polished glass
surfaces oblained from FECO interferomelry and from
scaltered light measurements

Sample drrco (A) | dscat (A)
ULE Quartz | 10. 2 8.4
ULE Quartz 1256 9.9
ULE Quartz 127 . 12. 5
Fused Quartz | 11,0 10. 2
Fused Quartz i 16. 7 ‘ 16. 4
Fused Quartz 17. 3 17. 3
BK-7 Glass 19. 3 19. 1
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FECO system, that a significant contribution to the
scattering process is being made by scratches, ete.,
or for some other as yet unsuspected reason. For
most optical surfaces, however, the agreement be-
tween predicted and actual scattering behavior in
the visible and ultraviolet regions based on eq. (3)
is excellent.

At infrared wavelengths the agreement between
experimentally observed scattering levels and those
predicted by eq (3) may be excellent or may be like
that illustrated in figure 15. The circles represent the
minimum scattering levels obtained from measure-
ments at ten positions on an aluminized polished
dense flint glass sample. The bars represent average
values. The difference between the average and
minimum values is indicated by the square points.
Since an exponential becomes a straight line on
log-log paper, the predictions of eq (3) are represented
by the diagonal line. In the visible and ultraviolet
regions there is good agreement between experiment
and the theoretical predictions for a 29.5 A rms
surface. However, in the infrared the experimental
points begin to deviate from theory and approach a
nearly constant value which coincides with the
variations from point to point on the surface. When
this surface was examined under a microscope using
oblique illumination, about 10* particles/mm?® were
observed as scattering centers as well as various
sleaks and scratches. We believe that the additional
infrared seattering observed on this sample resulted
from a change in dominant scattering mechanism
from microirregularities to scratches and particu-
lates. Seattering from both particulates and seratches
should be nearly constant in the visible region where
both would be expected to have dimensions larger
than a wavelength. The variation from point to
point on the surface of this sample is an order of
magnitude less than the scattering caused by micro-
irregularities, which suggests that scattering from
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Scattering from an aluminized polished dense
Slint glass mirror.

Ficure 15.

The open eircles are minimum seattering values obtained for 10 points across the
surface; averages of the 10 values are indicated by the crossbars. The open
squares are the differences between these average and minimum values. The
solid line is & fit to the minimum wvalues and the straight dashed line gives
seattering levels predicted by eq (4).

scratches and particulates is negligible in the visible
and ultraviolet. However, with increasing wave-
length microirregularity scattering decreases and the
seratch and particulate scattering becomes dominant.

Fhe slight hump in the scattering curve shows
up even more prominently when the average devia-
tion in scattering from this sample is plotted in
figure 16. A resonance would be expected for particu-
late scattering when the wavelength nearly equals
the particle diameter [4] as seen in figure 1. If the
particulate has an index of refraction of 1.5 and is
not strongly absorbing, this resonance should occur
at a particle diameter to wavelength ratio of about
0.7 according to figure 1, or at a wavelength of 1.4
pm if a 1 gm particle diameter is assumed. The
observed resonance in figure 16 is in this wave-
length range and may thus be caused by dust
particles on the mirror surface, which if largely
S5i0; would have an index of about 1.5. That typical
dust particles in our laboratory have a diameter
of about 1 um is shown by assembling the FECO
Scanning Interferometer. Dust particles are used as
spacers and the minimum order of interference
which normally is possible is about 4, which would
correspond to a I wm diameter dust particle. From
these data we conclude that scattering from dust
and scratches may be important in the infrared,
but for good clean optical surfaces microirregularity
scattering is the dominant scattering mechanism
in the visible and ultraviolet wavelength regions.

B. Surface Plasmon Excitation

Microirregularities can give rise to seattered light
not only through classical diffraction but also through
surface plasmon  excitation and reemission. This
mechanism also introduces additional absorption.

- Figure 17 shows the near ultraviolet reflectance of

silver deposited on substrates of varying roughness.
A large increase in absorption with increasing rough-
ness is observed at wavelengths slightly longer than
the limiting wavelength for surface plasmon excita-
tion, which for silver oceurs at about 3390 A where

T T . TR e fi | T T T T T rrori
@ 4x1074 il
=
[+ 4
w
=
L4
2 L 4
2
o v
: — =
v}
(a]
z .l -
Z 2x10°
1 R T 1 | L 1 L | i S 1o s B
0.4 1.0 2.0 4.0 10.0

WAVELENGTH (um)

Frovune 16. Average deviation in scaltering from 10 points on
the dense flint sample of figure 15.

Values obtained from same measurements as those shown in figure 15.
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Fravre 17. Normal incidence reflectance of silver for surfaces
of various roughnesses.
As the roughness increases the reflectance decreases.
e;=—1. By subtracting the rough surface reflectance

from the smooth surface reflectance the additional
absorption introduced by the rough surface is ob-
tained. 'l‘he results for various surface roughnesses
are shown in figure 18. The absorption ])euk oceurs

between 3500 and 3550 A for this type of rough sur-
face, which was produced by evaporating increas-
ingly thick films of CaF; on an initially smooth sub-
strate. Roughness values are shown under each
absorption curve; the initial roughness of the fused

quartz substrate was 12 A rms. A comparison of
roughness values for Cal,-coated substrates as
determined from light scattering measurements and
interferometrically is given in table I1. The slightly
lower values obtained from FECO measurements for
the thicker Cal; films probably result from contribu-
tions to scattered light by ecrystallites too small to
be resolved by the interferometer. The agreement
between these two independent measurement tech-
niques is still quite good.

The shape of the absorption curve which would be
predicted if plasma excitation occurred at e¢;=—1 is
given by the dotted curve in figure 18. A silver

sulfide film only 9 A thick would be enough to cause
the observed shift in the resonance to longer wave-
lengths, but careful ellipsometric studies of the
growth of silver sulfide on silver [23, 24] have estab-
lished that the observed shift does not result from
silver sulfide contamination. It probably ocecurs
because the momentum required from the surface
to excite a plasmon at the lmiting wavelength
would be much larger than that for plasmons in the
retardation region (see fig. 5).

The growth of a surface film such as Ag,S on the
silver surface will move the plasma resonance to
longer wavelengths and, if the film is absorbing,
will damp it. Figure 19 shows the measured change
in plasmon-induced absorption of silver on a rough
surface as the sulfide film grows [23]. Sulfide film
thicknesses  were determined ellipsometrically. They
could also be computed from the shift in peak posi-
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Fioune 18, Optical absorption by rough silver coated surfaces
resulting from surface plasmon excitalion.

The roughness value in & for each surface is given near the absorption peak.
The dotted line shows the expected position of the absorption peakif there were
no retardation effects.

TapLe IL. Comparison of rms roughness values for super-
polished optical flats coated with evaporated calcium fluoride
Jilms of various thicknesses as determined from FECO infer-
Sferometry and scattered light measurements
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Ficure 19. Optical absorption by larnished silver surfaces

resulting from surface plasmon excilalion.

The r values give the thicknesses of the different silver sulfide tarnish films.
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tion of the absorption resulting from changes in the
dispersion relation for a metal-thin film-air interface.
The average difference between the values of
obtained by these two techniques was only 1 A in
this case.

If the surface film is nonabsorbing, it not only
moves the absorption peak to longer wavelengths
but may also significantly enhance the absorption
by surface plasmons [25]. In figure 20 the solid line
represents the reflectance of silver deposited on a
very smooth substrate and the circles and triangles
silver deposited on a slightly rough and moderately
rough substrate. When a 250 A thick film of ALO,
was deposited on the silver the slightly rough surface
had the reflectance indicated by the squares and the
moderately rough surface that indicated by the
diamends. Not only do the reflectance minima move
to longer wavelengths but they are also greatly
enhanced. This effect is of considerable importance
for aluminized mirrors used in the vacuum ultra-
violet. The protective MgF. overcoat used to
prevent oxidation of the aluminum coating can
significantly reduce mirror reflectance above 1600
A through enhanced absorption by surface plasmons
unless the mirror surface is extremely smooth. A
similar effect is seen for silvered quartz back surface
reflectors. The mirror often has a golden appearance
because enhanced surface plasmon absorption re-
duces the reflectance in the blue region of the
spectrum. By intentionally roughening the back
surface the reflectance of silver in the blue region
of the spectrum can be reduced nearly to zero.

Although most of the increase in absorption ob-
served on rough silver surfaces is found at wave-
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Fieure 20. Normal incidence reflectance of slightly rough
(eireles) and moderately rough (triangles) silver surfaces.

The reflectances of the same surfoaces after being coated with a 250 A thick lpyer
of Aly0; are shown by the squares and diamonds, respectively.

lengths longer than the limiting wavelength for sur-
face plasmon excitation, some increase in absorption
is also observed at shorter wavelengths, Figure 21
shows the increase in absorption extending from the
vigible region into the wvacuum ultraviolet. Also
plotted is a line proportional to the reciprocal of the
optical penetration depth. Although this line has no
apparent relation to the observed absorption to the
right of the surface plasmon limiting wavelength
Aoy it does fit that to the left of this wavelength rather
well. In particular it reproduces both minima in the
ultraviolet reflectance data at about 1400 A and
3200 A. In addition, it has approximately the expo-
nential dependence to the left of the volume plasmon
wavelength A, found experimentally by Hunderi and
Beaglehole [26] and verified by these measurements.
The magnitude of this additional absorption for
A<\, for samples with varying degrees of roughness
is directly proportional to the ration between the
rms roughness and the penetration depth. The inten-
sity ]J{‘.Hetl'tltiﬂcll depth fgr Ag in the interband region
is about 150 A. A 20 A rms surface roughness will
have a peak to valley height of irregularities of 50 A
or more, roughly a third of the penetration depth.
Rougher surfaces will have irregularities which are
an even larger fraction of the penetration depth. The
band structure of a mntel'izll derives its character
from the regular crystalline array of the atoms. Mod-
ification of this array near the surface of the crystal
should modify the band structure of the material
somewhat. A possible explanation for this additional
absorption is that the surface ronghness introduces ¢
perturbation of the band structure at the surface of
the erystal where its optical behavior is determined.
Interband transitions would be expected .to be
significantly affected by this perturbation, hence the
anomalous absorption in the interband region for
silver, Intraband transitions should be much less
affected, as appears to be true for silver in the free
carrier region.
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Fireure 21. Comparison of the roughness induced increase in
absorption al normal incidence for silver and the reciprocal
of the oplical penetration depth.

Note the agreement in minima both at 3200 A and 1400 A,
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Frauru 22, The long-dashed curve is the wavelength dependence of the ratio of

the tolal scattered light to the incident light for a “rough” (21.5
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A Fmas) silver

surface calculated from scalar scallering theory,

Other curves are the difference between measured values and the calenlated curve; solid curve is for
a bare silver surface, and other dashed curves are for silver surfaces coated with the indicated thick-

nesses of magnesium fluoride.

In addition to additional absorption, surface
plasmon excitations can also cause significant
increases in scattered light [18]. Figure 22 shows the
effect for silver deposited on a Cals-roughened sub-
strate having 6=21.5 A. The scattering level calcu-
lated for this surface from equation (3) is shown by
the long-dashed line. The triangles and solid line
show the additional scattering which was observed
on the uncoated silver surface. When the surface
was coated with various thicknesses of Mgl, the
scattering level rose again and then declined as a re-
sult of an interference effect. The peak scattering
level was over an order of magnitude higher than that
predicted from classical scattering theory for this
relatively smooth optical surface.

C. Mechanical Abrasion and Surface Damage

Figure 23 shows the decrease in reflectance of bulk
copper caused by mechanical abrasion [27]. Both
copper samples were cut from the same OFHC
copper block; one was electropolished, and the other
mechanically polished on a silk-covered pitch lap.
Both surfaces were optically flat and the electro-
polished data, which is in good agreement with other
optical measurements on high quality bulk copper
surfaces and copper films evaporated under good

deposition conditions, 1s representative of the in-
trinsic reflectance spectrum of copper. The me-
chanically polished surface has a reflectance spectrum
which differs in shape from that of the electropolished
sample and is lower by as much as a factor of two.
Differences in reflectance persist to 30 pm in wave-
length, the limit of the measurements, but are largest
in the visible and ultraviolet regions.

Germanium is an even more graphic example of
the importance of structure on the optical properties
of absorbing materials. In the visible and ultraviolet
region it is highly absorbing, strong interband transi-
tions are occurring and the casual observer would
think it was a metal. Germanium can be deposited
in thin films either in a crystalline or an amorphous
state. The reflectance spectra for both cases [28]
are shown in figure 24. [t is not obvious from the
optical spectra that we are even dealing with the
same material. However, the amorphous film can be
recrystallized by annealing at high temperatures
and its reflectance curve then reverts to that for the
crystalline case.

The ecrystalline structure of evaporated metal
films is quite complex and its effect on the optical
properties is a story in itself. Sputtered metal films
are even more complicated and it has been believed
that the sputtering process is so uncontrollable that
the highest reflectance metal films could not be ob-
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Fravne 24. Reflectance of electropolished germanium (circles)
and an amorphous germanium film (squares) from (.26 o
1.0 wm.

tained using it. Sputtered silver, aluminum, and
copper films have now been produced [29, 30] which
have essentially the same reflectance as those pro-
duced by evaporation.

The kind of difficulty which is typically found in
experimentally obtaining the theoretical optical
properties of overcoated metal films is illustrated in
figure 25. In this case an aluminum film was deposited
by evaporation and then overcoated with a lead
fluoride film [31]. The dashed line shows the reflec-
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Fiauvre 25, Measured reflectance (solid curve) and caleulaled
reflectance (dashed curve) for an 8869 A film of lead fluoride
o Hl'INHH'H (TR

The optical constants used in the ealeulations were determined from measure
ments on evaporated films of the two materials.

tance spectrum which should have been obtained
based on the optical constants of the two materials.
The solid line shows that actually obtained. The
difference is probably due in large part to the optical
excitation of surface plasmons. In aluminum the ¢
curve has a much more gradual shape than for silver,
and surface plasmon effects are thus important over
a much larger wavelength range. Other factors
(which probably were not important) were conven-
tional scattering caused by particulates, and surface
roughness and structure-related conventional ab-
sorption in both the metal and the dielectric. Notice
that the discrepancy between predicted and actual
optical performance becomes larger as we go to
shorter wavelengths, This example is typical of the
problems faced by the optical designer in the visible
and ultraviolet regions of the spectrum.

V. Conclusions

Surface irregularities and crystalline order strongly
mfluence both light scattering and absorption of
metal surfaces. These effects are more pronounced
in the ultraviolet than at longer wavelengths. Al-
though scattering from isolated irregularities such as
dust, seratches and other surface blemishes oceurs, it
is typically much less important for optically polished
surfaces in the visible and ultraviolet regions than
scattering from closely spaced microirregularities. In
addition to classical scattering from these microir-
regularities, which if polarization and angular de-
pendence are ignored can be caleulated from scalar
scattering theory, scattering resulting from surface
plasmon excitation and reemission can be very im-
portant. It is enhanced by a nonabsorbing dielectric
coating, and in limited wavelength regions can exceed
classical scattering levels by over an order of magni-
tude. Surface plasmon excitation also causes addi-
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tional abscrption, which is also enhanced by a di-
electric coating. This effect is particularly important
in the wvacuum ultraviolet where aluminum, for
example, must be coated with a nonabsorbing di-
electric such as magnesium fluoride to prevent oxida-
tion. Crystalline disorder at the metal surface intro-
duces significant additional absorption, presumably
both through surface plasmon excitation and band
structure modification. For optimum optical per-
formance of metal surfaces in the visible and ultra-
violet regions of the spectrum it is thus essential
that they have an absolute minimum of surface
roughness and as undistorted a lattice structure as
possible.
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