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510 Optical Properties of Thin Films

equal to 4.34 . Extremely low absorption losses of ~ 1 dB/km are common
in silica-based optical fibers. In contrast, a 1-dB loss occurs within a few
angstroms of penetration beneath the surface of a metal. This corresponds to a
difference of some 12 orders of magnitude in absorption behavior on the part
of materials.

Of the total radiation energy incident on an object, a fraction R is reflected
from the top surface and a fraction T is transmitted through the bottom
surface. The remaining fraction is lost through electronic absorption (.A)
processes and by scattering (S) at surface and volume imperfections. Surface
roughness, internal boundaries, and density fluctuations arising from porosity,
pinholes, microcracks, particulate incorporation, and impurities are sources of
scattering. Adding the various contributions gives

R+T+A+585=1. (114)

Of the terms, R is of the greatest interest to us. For light passing through a
medium of refractive index n,, impinging normally on a transparent film of
index n,,

R= ["' _""}1, (11-5)

n, + n,
If, however, the film is absorbing with index of absorption k,

("u = "I)z + kf
(ng + "l)z + ki I

(11-6)
The origins of both formulas will be indicated subsequently.

11.2.2. Optical Properties of Metals and Mirrors

The large density of empty, closely spaced electron energy states above the
Fermi level in a metal plays an important role in influencing its optical
properties. Incident photons over a wide wavelength range are readily ab-
sorbed by conduction-band electrons. These excited electrons move to higher
energy levels where they undergo collisions with lattice ions, and the extra
energy is dissipated in the form of phonons. The lattice is thus heated, and we
speak of absorption. Alternatively, if the probability of colliding with an ion is
small, the electron will emit a photon as it drops back to a lower energy level.
This results in the strongly reflected beam exhibited by metals in the visible
and infrared region. The characteristic color of some metals is due to the
preferential absorption of some portion of the visible spectrum. In gold, for
example, the green portion is absorbed, and the metal assumes the coloration
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11.2 Properties of Optical Film Materials 511

Table 11-1. Optical Constants of Metal Films Employed for Mirrors

Silver Gold Copper Aluminum

Wavelengths, u n k n k n k n k
0.40 0075 193 145 0.85 040 3192
0.45 0.055 242 140 188 0.87 220 049 4.32
0.50 005 287 0B84 184 0B8 242 062 4.80
0.55 0055 332 034 237 072 242 07 532
0.60 0060 375 023 297 017 307 097 600
0.65 0070 420 0.19 350 013 365 1.24 6.60
0.70 0075 4.62 0.17 397 012 4.17 1.55 7.00
0.75 0080 505 0.16 442 012 462 180 7.12
0.80 009 545 0.16 484 0.12 507 1.99 7.05
0.85 0.100 585 017 530 0.12 547 208 7.15
0.90 0.105 622 0.18 572 0.13 586 1.9 7.70
0.95 0.110 656 0.19 6.10 0.13 622 1.75 850
2.0 048 144 054 112 2.30 16.5
30 1.2 171
4.0 1.89 287 149 222 597 303
6.0 4.15 426 3.01 33.0 11.0 424
7.0 5.25 40.7
B.0 7.14 56.1 505 435 17.0 55.0
10.0 1069 69.0 741 534 254 673

From Ref. 7.
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Figure 11-1. Reflectance of Al, Ag, Au, Cu, Rh, and Pt mirror coatings from the
UV to the IR. (From Ref. 8).

of the reflected red and yellow light. Silver and aluminum reflect all portions
of the visible spectrum and therefore appear to have a white color,

Optical constants for the most important mirror-coating metals, Ag, Au, Cu,
and Al, are given in Table 11-1. The corresponding reflectivities are plotted as
a function of wavelength in Fig. 11-1. A noteworthy feature of the optical
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512 Optical Properties of Thin Films

response is the decreased reflectivity in the ultraviolet and, in particular, the
abrupt absorption edge exhibited by the noble metals. The absorption is due to
interband electron transitions (e.g., 3d — 4s in Cu). In aluminum, however,
and rhodium, to a lesser extent, high reflectance extends into the ultraviolet.
In the infrared all metals are very highly reflective. This fact is explained by
the Hagen—Rubens relation, which holds when the electron relaxation time is
short compared with the period of the incident wave. Physically, electrons can
then respond sufficiently rapidly to prevent the external electric field from
penetrating the metal.
Th:qnicalpmpeniuofminﬁimsaltmhmdiﬂenmfrmnﬂmeuf
bulk metals. In ultrathin films (< 100 A thick) variations in film continuity
make the concept of optical constants problematical. In thicker continuous
films, m and k values tend to be slightly smaller and larger, respectively, than
comparable bulk values. The differences stem largely from variables encoun-
tered in evaporation or sputtering, the almost universally employed processes
for depositing metal film mirrors. In metals such as Al, which readily getter
gases, the reflectivity is sensitive to deposition conditions. Lower operating
pressures and higher deposition rates result in purer films with enhanced
reflectivities as shown in Fig. 11-2. The reason is due in part to the absence of
surface oxides, nitrides, etc., which serve to increase absorption. More noble
metals like Rh and Pt are, on the other hand, relatively immune to deposition
conditions. Other variables affecting reflectivity include incidem angle of
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Figure 11-2. Reflectance of Al as a function of deposition rate in high (3 x 10~°
torr) and ultrahigh (5 x 10~ torr) vacuum. Films were aged 24 h in air and measured
at a wavelength of 2000 A. (From Ref. 7).
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