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ABSTRACT

A technique is described for determining the optical
constants of an arbitrary material by shining monochromatic
light through thin films of the material and measuring the
transmissivity and the phase change on transmission for
samples of various thicknesses. The results are characteristic
of the bulk material and are insensitive to surface effects.
The technique was tested at wavelengths of 48803, 51453, and
6328£ on vacuum-deposited gold films with thicknesses in the
range l70£ to 1800£. The results obtained for the optical
constants of gold are, within the experimental error of our
technique, in agreement with other authors' values obtained

from reflection measurements.
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CHAPTER 1

INTRODUCTION

The optical constants of metals have, for many years,
been measured using techniques involving reflection measure-
ments. The results obtained using these methods are sensitive
to surface properties. It is therefore desirable to employ a
technique which utilizes only transmission measurements,
because the values of the optical constants obtained from
transmission measurements are not sensitive to surface effects
and thus should be truly representative of the bulk values.

A brief survey of common techniques for measuring optical
constants of metals will first be presented. Although the
techniques to be described are applicable to homogeneous
solids in general, they are especially suitable for materials
with high reflectivities and large absorption coefficients.
Accordingly, these techniques are usually associated with
metals. |

Consider a thin metallic film of thickness d and
refractive index n = n-ik mounted on a non-absorbing substrate.
Let the reflectivity (the ratio of reflected to incident
intensities) for light incident from the metal side be
designated R, and let the reflectivity for light incident
from the substrate side be R!. The transmissivity (the ratio
of transmitted to incident intensities) is designated T, and
is the same in both directions.

From measurements of R, R!, and T at normal or oblique

incidence, it is possible, utilizing appropriate theoretical



expressions, to determine the optical constants n and k, and
the thickness 4 (Abelés, 1971, p. 182). These quantities can
also be determined from oblique-~incidence measurements of R
and T alone (Nestell and Christy, 1972). n and k can also be
determined from measured values of R, T, and 4 (Abelés, 1971,
p. 187; Théye, 1970, p. 3062), where the measurement of the
thickness 4 can be accomplished by any of numerous possible
methods (Heavens, 1965, Chapter 5); three of the most commonly
used methods are described in section 3-3.

If it is desired to avoid measuring T, and to work with a
bulk sample, using only one surface, n and k can be determined
from the Kramers-Kronig relations using measurements of R only
(Abelés, 1971, p. 183). However, the calculation requires that
R be known at all frequencies from zero to infinity. in
practice, R is measured in a finite frequency range and
assumptions are made concerning the variation of R with
frequency outside the measured range. The accuracy of the
results thus not only depends critically on the surface condi=
tions but also on how well these assumptions approximate
reality.
| Ellipsometric methods (Abelés, 1971, p. 185; Heavens,
1964, p. 218; Givens, 1958, p. 336) for determining the optical
constants of a metal involve shining a beam of plane-polarized
light onto the surface of a bulk sample, at a measured angle
of incidence, and analyzing the elliptically polarized reflected
beam. Light polarized parallel to the plane of incidence inter-

acts with the surface of the metal in a different manner than



light with the orthogonal polarization, since the electrons

in the metal are accelerated parallel to the surface in the
latter case, while in the former case there is a component of
the electric field perpendicular to the surface. The phase
difference between the componentshaving the electric vector
parallel and perpendicular to the plane of incidence is
‘measured, and the ratio of the amplitudes of the two components
is also measured. Assuming that n and k are the same for both
polarizations, n and k can then be calculated; the appropriate
equations have been written down by Givens (1958, p. 337).

In addition to the aforementioned methods, many combina-
tions and variations of these techniques have been used
(Hunderi, 1972; Abelés, 1971, p. 187; Heavens, 1965, p. 133;
Heavens, 1964, p. 229). | |

In summary, optical constants of metals are commonly
measured by means of techniques that involve shining light on
a sample and measuring, either solely or in combination with
other measurements, the reflectivity and/or the phase change
on reflection from the surface of the material. These tech-
niques employ surface measurements to determine bulk properties;
such techniques are extremely sensitive to surface contamina-
tion and other surface anomalies (Heavens, 1965, p. 131), and
the results for the bulk parameters can be wildly in error.

The technique that will be described in this thesis
involves the measurement of the transmissivity and the phase

change on transmission for light passing through various °*



samples of known thickness. n is determined from a measurement
of the change in phase shift with thickness, and k is determined
from the measured thickness dependence of the transmissivity.
This method has the adyantage that the licht traverses a bulk
specimen; there is no doubt that the bulk properties are

indeed being measured. In contrast to reflection methods, our

. transmission method is insensitive to surface properties, and
is therefore not as critically dependent on the conditions of
preparation and storage of samples.

Other authors have used transmission technigues to
determine the optical constants of non-metals (Brattain and
Briggs, 1949; Haysman and Lenham, 1972). However, the
transmission experiments performed previously on.highly-
absorbing materials have involved measuring only the |
transmissivity; these experiments allow the determination of
k only. Schulz (1957, p. 121) has determined k for silver in
the infra-red and visible by studying transmissivity versus
thickness, using silver films up to 8003 thick.

Although transmission methods have been used before, the
phase changes on transmission through films which absorb very
strongly over distances of less than one wavelength have not,

to the author's knowledge, been measured previous to this work.



The theoretical description of light passing through a
thin film is outlined in Chapter 2 of this thesis; theoretical
expressions for the transmissivity and the phase change on
transmission are derived as functions of the optical constants
of the film, and simplified expressions pertaining to the
thick-film limit are presented. Our technique involves
. measuring transmissivities and phase changes for films of
various thicknesses, and using the thickness dependences of
these measurements, in the thick-film limit, to determine the
optical constants of the material. The method of making the
experimental measurements is described in Chapter 3, and our
procedure for determining the optical constants from these
measurements is presented, with our experimental results, in
Chapter 4. Chapter 5 contains an evaluation of the téChnique

and suggestions for further work.



" CHAPTER 2

OPTICAL PROPERTIES OF THIN METALLIC FILMS

2-1 Propagation of Electromagnetic Radiation in Conducting

Media

The propagation of electromagnetic radiation in an un-
 bounded isotropic conducting medium will first be considered.

The electric and magnetic fields are determined by Maxwell's

equations:
->
tcurl E = - é %% (1)
> 10D  4m =
curl H = E ﬁ + —c—- J (2)
div D = 47p (3)
div B = 0 (4)

in Gaussian units, where B = uﬁ, D = eE, and 3 = oﬁ; the
symbols have their usual meanings (Purcell, 1965; Jackson,
1962; Born and Wolf, 1965, p. 611; Garbuny, 1965, p. 248). 1In
a metal, at optical frequencies, we can set div D = 0 because
any chargeé induced by the fields are neutralized in a relaxa-
tion time which is very much less than the period of oscilla-
‘tion of the wave (Born and Wolf, 1965, p. 612).

Equations (1) and (2) can be written in the form

- ah

A%

E=-X
curl E = c
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-+ € BE 4wo§
- & % 1
curl H = S 3% + — . (2°)

Let E and H be oriented respectively along x and y in a right-

handed co-ordinate system. Then (1!) and (2!) reduce to

OE _ _ M 9H
9z ¢ 3t (3)
and
dH _ € JE ATOE
B TR T * (4)

Assuming a monochromatic field with time dependences of

+iwt

glmt and H = Hoe , we have %% = iwE and

the form E = E,

%% = iwH. From equations (3) and (4) we obtain:

g%=-(—1;—imH | (5)
and
_gg=g.imE+_.4g°E. (6)

Differentiating equation (5) with respect to z, we have

3%2E _  u ., OH .
322 "¢tz - (7)

Equations (6) and (7) yield:

- B M _uy (e LI ek
Slm Bz-clm(c 1mE) +cl‘f’(c E)
_ 93%E
T 3z2

(8)

0
=
-5}
Nl ~
7
|
! 1
TN
Qle
[N ]
m
=
+
[
1>
kS
Qi
(=
Q
—_
=



Assuming spatial variation of the form E = Eoélkz, we have
2
S E - k2.
Thus
2
k2 = (g) ep - iw ig§9
2 . 4no]
-(a‘) wle -1 57 )
2 wy? A 2 A '
or R* = ) uE = koue (10)

where E'is the complex dielectric constant of the material.

€ can be written
€ =¢,- ig, . (11)
The components of ¢ satisfy

€, = € (12)

and

470 .
62 = T . . (13)

We now define a complex refractive index

A

o I
1

where n and k are real and non-negative. We can set M =1,

since this is a good approximation for all materials at

optical frequencies. Thus ¢ = n2, and

€, = n? - k? (15)

€, = 2nk . (16)




the wave can be written

+i -ik
elwt el VA

E = Eo
= Eo exp{i(ét - 2;25)} (17)
o
. _ ~_woA 2mh . .
since k = hon =ghn= —T; , where Ao is the wavelength of light

outside the material. Equation (17), representing a wave
propagating in the positive z-direction, requires that ﬁ be
written n=n- ik so that, for positive k, the amplitude of
the wave decreases as 2z increases.

The main point we wish to make here is that the optical
properties of a material can be specified by assigning to the
material a complex refractive index n = n - ik. n and k are
called the optical "constants" of the material, even though
they vary strongly with frequency.

n, the real part of the refractive index of the

material, satisfies the relation

A
o]

n=+2, (18)
s

where Ai is the wavelength of light inside the material. This
is the same relation satisfied by a transparent medium of
(real) refractive index n. However, in the general case of
non-normal incidence, the relationship between the angle of
incidence and the angle of refraction (Heavens, 1965, p. 49)

is more complicated than Snell's law. .
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The amplitude of the wave inside the material decreases

by a factor e21rk

over a distance Ao’ which is one wavelength
outside the material. k is usually called the extinction
coefficient of the material. The intensity of the wave inside

the material decreases by a factor e41rk

over a distance Ao' If
I, and I, are the intensities at distances z, and z, inside the

- material, we can write

I, =1 50(22‘21)’

1 (19)

where a, called the absorption coefficient, is related to the

extinction coefficient k by

Our exposition has so far ignored the presence of
boundaries between media. In the next section, we will apply
boundary conditions to deal with the special case of trans-

mission of light through thin metallic films.



- 11 -

Transmission of Electromagnetic Radiation Through Thin

Films

The problem we wish to consider is the following: what

is the transmissivity (fraction of incident intensity trans-
mitted) andwhat is the phase change on transmission for
normally-incident monochromatic light of wavelength Ao
passing from a non-absorbing medium of refractive index n
through a plane-parallel absorbing film of thickness 4 and
complex refractive index n=n- ik, into a non-absorbing
medium of refractive index ns?

As indicated in Figure 1, we represent the amplitude of
the incident electric field by E:, and the amplitude of the
reflected wave by E;. Inside the film, ET and E: corfespond
to the vector sum of all waves travelling to the right and to
the left respectively. E: is the amplitude of the transmitted
wave in the medium of index ng. The incident wave is
travelling in the positive z-direction, and is incident
normally on the film. E is polarized along x, and H along y.
Let the first boundary be defined by the plane z = 0; the

second boundary is at z = d.
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4 A
no n ns
E, E} Ey
: _> > -—_
E, E] -
< <——

Figure 1. -
A film of thickness d4d and refractive index n
between media of indices no and ns.

Let

—rg' =d, (21)
=aq, . (22)

and

—rs =dq, . (23)
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The z-dependent parts of the electric field E and the
magnetic field H (where we have assumed 4 = 1) in the three

different regions are given by (Heavens, 1965, p. 60):

E = Ef 81907 4 g7 o*ldo? (24)
H = n_(E] eido? _ E e*tid0?) (25)
E, = B a-T1? 4 g tliZ (26)
H = n(E} sitiz _ g] o*idy7) (27)
g, = g} g19.? (28)
H, = nSE: éiqzz . (29)

> >
The tangential components of E and H are continuous across

the boundaries. Applying these conditions, we have:

+ - + -
E,=E,atz=0=E +E =E; +E, (30)
H =H, at z=0=>n_(E' - E) =n( -E)) (31)
o 1 o' o o 1 1

E, =E, at z =d = E| sidad E, etidid - E: (32)

_ ~ - -  +iq,d, _ +
at z = d = n(E,; e - E, e 17) = ngE,

(33)

Solving equations (30) and (31) for E: and E;, we obtain

E, (32)




and R .
. n,-n . on+n
Eo= T E, + T E . (35)
o
Solving equations (32) and (33) for ET sidd g9 E; e+1q1d'
: n+n '
B} 8709 = S g} ' (36)
2n
. n-n
E; et id o __S gt (37)
2n

At the first and second boundaries, respectively, the
amplitude reflection coefficients are

n_=-n n_-n+ik
o

(o}
r. = = . (38)
1 A -
n +n no+n ik
ﬁ-ns n-ik-ns
and r, = = : . ' (39)
2 ~ -
n+n n ik+ns

The amplitude transmission coefficients at the first and

second interfaces, respectively, are

2no 2no
n_+n o
o
n -ik
and t, = A2n = ifgkin) . (41)
n+n s

In terms of these coefficients, equations (34) to (37) can be
written

=L gt 4 L1 Es

E, =g EBr + b B (42)




(43)

(44)

(45)

The amplitude reflection coefficient for the film is thus

E- r1+(§L>
E+
r = o A .25 WA

+ -
o 1+r1(§$>
E)

t

(46)

and the amplitude transmission coefficient for the film is

T tit, erdd

From equations (44) and (45),

E)y
+
1

- r2521q1d

14

t

so equations (46) and (47) can be written

r+r, 5216
r= =213
l4r;rs e
and
tit, oib
t- .S’

=21
l+4r,r; e

where § = qd = 2T fd = 2T (n-ik)d.
. (o] o

(47)

(48)

(49)

(50)

(51)
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From equation (51),

eilG exp (i Z;\de) exp (ii T_Z'rrnd)

o o
. :
= e*®(cosN ¢ i sinN) (52)
where K = 3;59 and N = E§E§ . N is the phase change in
o o

traversing the film, excluding the phase changes at the

surfaces.
Equation (49) can be written in the form

ié -i§

r, e + r, e
T 716 =14
e + rr, e

i (ng-R) (A+n )e® + (n_+A) (A-n)&'® 2
‘ (no+ﬁ)(ﬁ+ns)e16 + (no-ﬁ)(ﬁ-ns)éla '

where we have substituted r; and r, from equations (38) and
(39).

Equation (53) can be written in the form

_ A+iB
r—é—_'_—i—ﬁ. (54)

Solving for A, B, C, and D, we obtain:
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— - 2, K P K .
A = [(no n)(n+ns)+k le " 'cosN + k(no 2n ns)e sinN

_ _121zK - _ =K .
+ [(no+n)(n ns) k“)le cosN k(no+2n ns)e sinN,

o
L]

_ b 27K . _ P K
[(no n)(n+ns)+k le 'sinN k(no 2n ns)e cosN

_ _ _2—K. - =K
[(no+n)(n ns) k“]Je 'sinN + k(no+2n ns)e cosN,

C = [(no+n)(n+ns)—k2]eKcosN + k(no+2n+ns)eKsinN

- o 2 —K - - -K 1
+ [(no n) (n ns)+k le cosN k(no 2n+ns)e sinN
D = [(n_+n) (n+n_)-k?]eNsinN - k(n_+2n+n_)eKcosN
o s (o} s’
- [(n_-n) (n-n )+k2]EKsinN + k(n_-2n+n )EKcosN
o s o s

Separating the amplitude reflection coefficient

its real and imaginary parts, we have, from equation

- A+iB = AC+BD i - BC~AD
c+ip ~ ©Z+D7 czip? -

The reflectivity of the film is

AZ24+p2
R = Irlz = rr* = ET:BT .

The phase change on reflection is

_ BC-AD
A = arc tan (m-).

(55)

(56)

(57)

. (58)

into

(54):

(59)

(60)

(61)

Next, we will calculate the transmissivity of the film
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and the phase change on transmission. Equation (50) can be

written in the form

t = a1tz
el(5 4+ riro élg
4noﬁ
= 13 =13 (62)

(no+n)(n+ns)e + (no—n)(n—ns)e
where we have again substituted r; and r, from equations (38)
and (39). The denominator on the right-hand side of equation
(62) is the same as the denominator in equation (53). The
amplitude transmission coefficient can thus he written

4no(n—ik)
t = —F-i-—i_l')— . (63)

The transmissivity of the film is

te*

‘.:!Im‘.:!

S
T=— |t]? =
N, (o}
2 2
16 nons(n +k*°) (64)
CZ+D?2 :

Separating the amplitude transmission coefficient into its
real and imaginary parts, we have, from equation (63):

4 no(nc—kD) _ 4 no(nD+kC)

t=—<mpr — "~ 1 —cTme . (65)

The phase change on transmission is thus

nD+kC)

Y = arc tan (KE:EE (66)

We have now established the desired formulae. Equat{ons
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(64) and (66), with C and D substituted from equations (57)

and (58), give the transmissivity and the phase change on

transmission in terms of n, k, ngyr Ny Ao’ and d.

The derivation presented here has followed that of

0.S. Heavens (1965, pp. 59-62 and pp. 89-92). 1In passing, a

few misprints that exist in Heavens' book should be noted:

(a)

(b)

(c)

(d)

the lower of equations 4(68) on page 61 should be in
the form of our equation (45), with the phase factor
Elqzd left in, although we have chosen to omit it;

equation 4(130) on page 90 should read

2 2 2 .
R = Iptrir, +(r,+r;r,)cos28, _ i (r,~r;r,)sin2§, .
o) 1l + 2r,rjcos20; + rir; 1 + 2r;r,cos2d, +riri’

equation 4(132) on page 90 should read

—rz(l—rf)sin251

tan Ao = rl(l+r§) + r,(1+r3)cos2$, ;

equation 4 (140) on page 91 should be in the form of our

equation (61).

Born and Wolf (1965, pp. 627-630) have presented a

similar derivation, but their expressions for the transmis-

. sivity and the phase change on transmission appear to be

incorrect. Curves of transmissivity versus film thickness
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and phase change versus film thickness, plotted using Born
and Wolf's expressions, do not exhibit the correct limiting

behaviour for small thicknesses.

If one wishes to compare the results of experimental
measurements of the transmissivity or the phase change on
transmission with theory, one must remember that equations
(64) and (66) apply to the configuration drawn in Figure 1,
where only two interfaces are considered. In practice, this
is sufficient if n, =ng = l, as is the case for a £ilm
suspended over an aperture. For a film mounted on a substrate,
however, measurements are not performed inside the substrate;
the back surface of the substrate is an additional interface
that must be taken into account. This can be done theoretically
(Heavens, 1965, pp. 62-63), but in our case the effect of the
substrate on the measured quantity of interest (the transmis-
sivity) was made negligible. It should be noted that our
phase shift measurements were performed on suspended films,
and transmissivity measurements were performed on films on
substrates. The reasons for carrying out the measurements in

this manner will be given at the end of section 3-5-4,
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2-3 The Thick-film Limit

We will now derive a simplified expression for the
amplitude transmission coefficient in the thick-film limit

where the product kd is sufficiently large that

_ 4nkd
Xo

e <<'1 .

Going back to equations (30) to (33), we have, for the

case no =n, = 1:
E: + E_ = ET + E; (30)
E; - E_ = n(E} - E) (311)
g} = gt 3104 4 g7 olwid - (32)
Ef = aet gimd | g7 gy (331)

In a thick film, E: is very small compared to Et. We then
have, approximately, a decoupling between the front and back

surfaces. At the front surface (z = 0),

E, + E, = E, (67)
and
+ - ~A_+

Adding (67) and (68), we obtain

+ At
2Eo = (1 + n)E, .
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or

a2 (69)
E (1+n)

At the back surface (z = 4d),
g &*Nid 4 g7 JANd o Jpt iWd | g7 109 | (90)

1 ’

from which it follows that

Ey _ (2zl) g2iaad, (71)
E, n+l
Thus
+ .
£ = B2 _ 4n Elqld

(1+n) 2 °
4 - 2wind  _ 27kd
= ———e X e iy - (72)
(1+n) 2 °

The optical constants n and k can thus be determined by

measuring the change of transmitted amplitude (or intensity)
21k 4tk

with thickness to obtain X——-(or x——), and the change of phase
fo) (o]
with thickness to obtain %12 , using films which are
o

sufficiently thick that multiple reflections inside the films

may be neglected.
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CHAPTER 3

DESCRIPTION OF THE EXPERIMENT

3-1 Introduction

The experiment consisted of measuring the transmissivity
and the phase change on transmission for monochromatic visible
light passing through gold films of various thicknesses. The
measurements were conducted at normal incidence and at
atmospheric pressure and room temperature. The optical
constants n and k (the real and imaginary parts of the complex
refractive index n = n-ik) were then determined from these
measurements. The technique can be used on films of an
arbitrary material, but is especially suitable for thin films
of a strongly-absorbing material. Gold was chosen for this
study because of its stability against oxidation, and because
the optical constants of gold change considerably with wave-
length in the range 4880% to 6328&, which is the regime in
which it was found convenient to work. Argon laser lines at
4880£ and 5145&, and the helium-neon laser line at 6328£ were
chosen; laserswere used because interferometric phase shift
measurements on highly-absorbing films require the use of

intense, coherent light sources.
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3-2 Preparation of Samrles

The samples used in this study were prepared by
Dr. A.E. Curzon. Gold films to be used in phase shift measure-
ments were prepared in the following way. A thin film of
sodium chloride was evaporated on a microscope slide at room
temperature, and a gold film was evaporated on top of the salt
layer. The purity of the gold before evaporation was 99.999%
or better. The pressure during evaporation was 10™° torr or.
less. The slide was removed from the evaporator and was
immersed in water to dissolve the salt and "float" the gold
film, which, supported by surface tension, stayed on the
surface of the water. A microscope cover glass with a hole
(usually of diameter 1.5mmto 2mm) was then brought up from
under the film; the film was picked up and the excess water
was partly blotted away and the remainder was allowed to
evaporate. The result of this procedure was a film suspended
over a hole. It was found that a lOOOi—thick film could be
suspended over an aperture of diameter up to about 7.mm, but
smaller apertures were used for the experiment because films
suspended over the larger holes were found to be too fragile
to werk with conveniently. The reason for making suspended
films is that such films permit unambiguous phase shift
measurements; a phase shift measurement for a film on a
substrate contains an unknown contribution from the substrate

unless the thickness of the substrate is precisely known. The
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phase shifts could be coumpared for two films of different
thicknesses, mounted on identical substrates, or mounted side
by side on the same substrate. Then the thickness of the
substrate may remain unknown, but the thickness would have to
be very nearly the same under each sample. Rather than
attempt to produce uniformly thick substrates, it was decided
to use suspended films.

From transmission electron diffraction studies at
oblique incidence, performed by Dr. Curzon, it was concluded
that the films were highly polycrystalline--no anisotropy was
observed in the diffraction pattern. The crystallite size,
estimated from electron micrographs, was of the order 1003 to
lOOOi. The films were examined visually under a microscope,
and those films with obvious defects (wrinkles or pinholes)
were rejected.

The suspended films were used for phase shift measurements.
The same films could also have been used for transmissivity
measurements. It was easier, however, to make the transmissiv-
ity measurements on films on substrates, because it was then
possible to use larger beam diameters. The effect of the
substrate on the measured transmissivity will be discussed
later. The films used in transmissivity measurements were
evaporated directlyvon glass microscope cover slips at the
same time that the films to be "floated" were evaporated.
_This ensured that the transmissivity and phase shift measure-

ments were made on films of the same thickness. A small
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difference in thickness could arise from the difference in
orientation of the slides in the evaporator, but this effect
was made negligibly small by placing the slides close to each
other and reasonably far away from the source. Small
differences in thickness could also arise from the difference
in the substrate materials; a gold film vacuum-deposited on
glass will not necessarily have the same thickness as a gold
film simultaneously deposited on salt, because the sticking
coefficients for the two substrate materials could be
different. However, this effect is negligible for films
thicker than approximately lOOi, because only the initial
nucleation rates would be different; as soon as a layer of
gold is present on both surfaces, the sticking coefficients

become the same.
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3-3 Measurement of Film Thicknesses

The gold films used in this study had thicknesses in the
(-]
range 170£ to 1800A. The thicknesses of the films were

determined using the following three independent methods.

3-3-1 Thickness Measurement by Weighing

Each thickness measurement included placing a pre-weighed
piece of mica adjacent to the other two slides in the evapor-
ator and weighing it again after deposition of the gold film.
The difference in weights was presumed to be the weight of the
film. The area of the film was measured, and the thickness

was then calculated according to

—v—-
d=x=sx (73)

where 4, V, A, M, and D are, respectively, the thickness,
volume, area, mass, and density of the film. The density of
the film was assumed to be the same as the bulk density of
gold, 19.32 gm/cm3®. Théye (1970) indicates that this assump-
tion is justified except for very thin films (4 < 2003). The
area of each film was approximately 1 cm? and the weighing
was done using a Cahn Model G2 Electrobalance with a maximum
sensitivity of 5-:107%gm. The uncertainty in thicknesses
determined by this technique was approximately 15%. The
weighed film would have a slightly different thickness from

the other two films produced in the same evaporation, due o
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the difference in orientation of the substrates in the

evaporator, but this effect was made negligible as before.

3-3-2 Thickness Measurement Using Frequency Shift of Crystal

Oscillator

A Sloan Model DTM-4 Thickness Monitor was also used to
determine the thicknesses of the films. The basic component
of this device is a quartz crystal resonant at 5 MHz. This
crystal was placed in the evaporator, adjacent to the sub-
strates on which the films to be studied were to be deposited.
When a film was deposited, the addition of mass to the crystal
produced a change in its resonant frequency. This frequency
change was measured, and the film thickness was then calcu-
lated, using the observation that the change in frequency was
proportional to the mass (or thickness) of the film deposited.
When the crystal was carefully calibrated, thicknesses

determined by this technique were accurate to within #5%.

3-3-3 Thickness Measurement Using Fizeau Fringes

The previous two methods of thickness measurement were
used for all of the films. A third method, using a Sloan
Model M-100 ingstrometer, was also applied for some of the
films. This method (Fran¢on, 1966, p. 275; Heavens, 1965,
p. 106) consisted of taking a gold film previously vacuum-
.deposited on a glass slide, and depositing an additional

-] .
layer, approximately 1000A thick, of aluminum (or silver, or
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any highly-reflecting material) on top of the gold film and
the bare substrate beside the gold film. The region of bare
substrate was provided by placing a mask over part of the |
slide during evaporation of the gold film. The resulting
glass-gold-aluminum sandwich is illustrated schematically

in cross-section in Figure 2. These thickness measurements
wére of course performed after completion of the

transmissivity measurements.

aluminum

old
[ Z /'/ &

ﬂ___.glass

Figure 2,
Sample for Fizeau-fringe thickness measurement.

The specimen thus produced was then used as one of the
plates in a wedge arrangement illuminated with sodium light.
The plates were adjusted for approximate parallelism, but
with a small wedge angle, and the resulting fringe pattern,
consisting of narrow dark lines on a bright background (Figure
3) was photographed.

The region of interest was the step at the edge of the
gold film; this step appeared as a discontinuity in the
fringe pattern, with a jump of one fringe corresponding to a
difference in thickness of half a wavelength of sodium light,

©
or 2946A. In order to be able to see which fringe should be
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associated with any particular fringe on the other side of the

Figure 3.

Measurement of film thickness using Fizeau fringes.
This fringe pattern corresponds to a step of
approximately 10008 (A=5893%).

discontinuity, the step was not allowed to be too sharp. This
was accomplished by keeping the mask approximately 1 mm from
the surface of the slide during evaporation of the gcld film.
The major limitation on this thickness-measuring technique
was the width of the fringes. The reflectivity of the plates
should be high, the separation of the plates should be small,
and the linewidth of the source should be narrow, to produce
narrow fringes and maximum accuracy. The accuracy obtained in
our thickness measurements using this technique was approxi-

o
mately $100A.
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All three methods of thickness measurement yielded,
within their respective accuracies, results in agreement
with one another. The crystal oscillator method was the mosti
accurate method for films with thicknesses up to approximately
2000&; for greater thicknesses, the other methods were more
accurate.

In addition to the three methods of thickness measurement,
the frequency shift of the quartz crystal was plotted agains£
(a) the total mass of gold evaporated, and (b) the mass
deposited per unit area, with the same geometry for each
evaporation. Both of these studies yielded points along
straight lines, indicating that the mass deposited per unit
area was proportional to the mass evaporated. This gave an
additional check on the relative thicknesses of the films,
since the mass evaporated was accurately known in each case.

Another method for measuring the thickness of a thin
film involves shining a monochromatic beam of x-rays on the
film at various angles of grazing incidence, and studying the
resulting interference pattern (Croce, Devant, Sere, and
Verhaeghe, 1970; Croce, Gandais, et Murraud, 1964; Mozzi and
Guentert, 1964, p. 79; Wainfan, Scott, and Parratt, 1959,

p. 1608; Parratt, 1954; Kiessig, 1931). Theéye (1970, p. 3061)
has reported that the method can yield thickness measurements
.accurate to within 1%. This method was not used here; it is
time-consuming and cannot be conveniently used on films

o - L)
thicker than a few hundred Angstroms.
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3-4 Principle of the Measurement of Optical Constants

Using Transmission Interferometry

In principle, the transmissivity and the phase change on
transmission can be ascertained by placing the sample in one
arm of a Mach-Zehnder interferometer, as illustrated in
Figure 4, and noting the change in the amplitude and phase of-

the recombined beam as the sample is inserted or withdrawn.

beam splitter mirror
> - !
Y Y
Ay
sample
N l
O B W >
Figure 4. Mach-Zehnder interferometer,

If ¢y is the observed phase shift resulting from insertion
of the sample, n is the phase change across a thickness of air
equal to the thickness d of the sample ( = 219), and y is the

o

phase change on transmission through the sample, the following

relation holds:

y=n-% ’ (74)

since the measured phase shift is the phase difference

produced by displacing air with the sample.
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If the amplitudes of the two beams in the interferometer
are A, and A,, the intensity of the recombined beam is given

by (Klein, 1970, p. 184):

2 2
I aA] +A,+ 27 A, cosb, (75)

where 6 is the phase difference between the beams. Thus it is
possible to determine both the transmissivity and the phase
change on transmission simultaneouslv, by studying the change
in intensity and phase of the recombined beam when a sample is
replaced by another sample of different thickness. We have
chosen, however, to separate the transmissivity and phase
shift measurements into two independent experiments, because,
although we can, in principle, determine the transmissivity
from the same data that determine the phase shift, thé
transmissivity is more easily and more accurately determined
by a separate measurement when the transmissivity is very
small. This will be discussed in detail at the end of

section 3-5-4,
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3-5 Phase Shift Measurement

3-5-1 Description of the Interferometer

In performing the phase shift measurements, it was
found desirable to have some means for taking into account the
slowly-varying drifts in the phase of the recombined beam

-when the interferometer was used in air. Accordingly, the
arrangement of optical components for the phase shift measure-
ments was as illustrated in Figure 5. For vibration isolation,
the apparatus was positioned on a heavy granite slab resting
upon polyurethane foam. The interferometer was also enclosed
in a box to reduce the effects of air currents. An air system
was used because the added experimental complexity of
enclosing the interferometer in an evacuated chamber was not
deemed justifiable at this early stage of development of the
technique.

The incident laser beam was split into two reflected beams
and one transmitted beam by means of a glass plate (beam
splitter #1) approximately 6 mm thick. Beams from additional
reflections were present, but were not used. The intensity of
the transmitted beam was approximately 90% of the intensity of
the incident beam. The transmitted beam passed through a
chopper (described in greater detail in section 3-5-2), was
reflected by a right-angle prism, and was split again by
another glass plate (beam splitter #3) which had a trans- .

missivity of approximately 90%. The transmitted beam was then



- 35 -

R,+S

PM{l

?

beam beam
splitter splitter
mirror 2 T~ ¥4
y >
5 — > | PM{ff2
S
. R1+R2
1 lens <™ L2 R2
sanmple et
phase 1ens<::::>L1 A
shifter ‘L
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Figure 5, Apparatus for phase shift measurement
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focussed on the sample »y lens L, and re-collimated by lens
L,. The sample was not placed precisely at the focus but at
a position such that the beam diameter at the sample was
approximately 1 mm. The beam incident on the sample was not
exactly a plane wave, but was near enough plané to -preserve
with reasonable accuracy the validity of the equations
applicable to plane waves. Only a small part of the center of
the re-collimated (and expanded) beam was used--the divergence
of the corresponding part of the beam at the sample was of the
order of one milliradian. The beam from the sample was
recombined at beam splitter #2 with one of the two beams
reflected from beam splitter #l. It was convenient to adjust
the position of the collimating lens L, so that the beam
emerging from lens L, was slightly divergent; when the
recombined beam (the "sample beam") was displayed on a screen,
a pattern of concentric fringes was then observed. These
fringes could be tuned for any convenient spacing by
appropriate adjustments of the optical alignment. The center
of the fringe pattern was directed onto a small aperture
behind which was located a photomultiplier (denoted PM#l on
Figure 5). The ratio of the diameter of the aperture to the
spacing of the fringes was small, for high phase resolution,
but not so small that intensity was lost unnecessarily.

A phase reference was provided by an optical shunt
~around the sample; this beam was recombined with the other

of the two beams reflected from beam splitter #1l. The reason
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for having two beams reflected from beam splitter #1 was that
this configuration avoided the possibility of "mixing" beams
S and R,; such mixing could have occurred if the same beam
were recombined with both S and R,. The resulting fringe
pattern for this "reference beam" wés a series of straight,
parallel fringes which could be adjusted for large separation.
This pattern was directed onto a small aperture situated
directly in front of a photomultiplier (denoted PM#2 on

Figure 5).

3-5-2 Chopper

The chopper consisted of three components: a quarter-
wave plate, a Baird-Atomic Model JT-3 Pockels cell, and a
polarizer. The quarter-wave plate was oriented with its axis
at 45° to the plane of polarization of the laser beam,'produc—
ing circularly polarized light. This beam then passed through
the electro-optic modulator or Pockels cell, which, when
driven by a voltage varying periodically in time, produced
elliptically polarized light with the amplitude of the vertical
component of the electric field also varying periodically in
time. This component was transmitted by the polarizer. The
result was that the emergent light was plane-polarized and
was amplitude-modulated (or intensity-modulated). The chopping
frequenéy used was approximately 1500 Hz, because this
happened to be the resonant frequency of an ignition coil used

‘as a step-up voltage transformer. A mechanical chopper, such




as a rotating wheel containing slots, could achieve
essentially the same result as the electro-optic modulator, but
produced undesirable vibration and air currents, to which the

interferometer proved to be very sensitive.

3-5-3 Phase Shifter

The interferometer was scanned in phase by means of a
phase shifter consisting of an evacuable cell having a path -
length of approximately 1 cm. To operate the phase shifter,
the cell was evacuated and nitrogen gas was then allowed to
leak slowly through a flow regulator into the cell, which was
connected to a large-volume reservoir. The increase in
pressure caused an increase in the optical path length in the
cell. The result was that the phases of the beams at both
photomultipliers were slowly changed. The pressure-scanning
cell had the desirable property that it changed the phase of
the transmitted beam without significantly altering the
intensity or the state of polarization of the beam. Further-
more, the range of phase over which the device could scan was
easily controlledby choosing the appropriate combhination of
gas and path length. If, for example, it had been desired to
scan accurately in phase over a small range, helium gas in a
shorter path length could have been used. 1In our case, the
range was about 4 wavelengths in optical path difference, or

81 radians in phase.
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3-5-4 Electronics

The arrangement of electronic apparatus was as illustrated
- in Figure 6. The signals from the two photomultipliers were
detected by two Princéton Applied Research Model HR-8 lock-in
amplifiers and were displayed on a 2-pen chart recorder. When
the phase shifter was operated, the recorder output was of the
form illustrated in Figure 7. The chart displayed two traces,
one corresponding to the beam transmitted through the sample
and the other corresponding to the reference beam which bypassed
the sample. Since the chopper was in the "sample arm" of the
interferometer, and electronic phase-sensitive detection was
used, the large d.c. component arising from the reference beam
denoted by R, in Figure 5 was rejected. This facilitated am-
plification of the desired a.c. signal component.

From eguation (75), the intensities at photomultipliers

#1 and #2 were given by

2
I, = R} + 8% + 2R Scos®, (76)
and

2
I, « Ri + R, + 2R;R,cos8, , (77)

where R,, R,, and S were the amplitudes of the beams as
indicated in Figure 5, 6, was the phase difference between
beams R; and S, and 6, was the phase difference between
beams R; and R,.

Beams S and R, were chopped at an angular frequency f.
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Figure 6.

Block diagram of arrangement of electronic apparatus.

voltage reference beam --
A trace from amplifier #2
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Figure 7. Chart recorder output.




Let
S =8! +s cos ft (where s! = s) (78)
and
R, = R; + r,cos ft (where R; > r,). (79)
Then
I:1 = R + (8!')? + s?cos?ft + 28's cos ft
+ 2R;S'cos6, + 2R, s cos ft cosB, (80)
and

!

2 1 2
I» « R, + (R,)? + r,cos?ft + ZR;rzcos ft

+ 2R1R;cose2 + 2R,r,cos ft cos$,. (81)

Only the signal components at the chopping frequency were
measured. The output voltages of the lock-in amplifiers were
thus

Vi « s(S!'+R,cos6,) (82)
and

Va2 °=r2(R2+R1cosez). (83)

When a highly-absorbing sample was in the beanm,
s! in equation (82) was small compared to R,, so the amplitude
of the ripple on trace #1 in Figure 7 was large compared to
the d.c. level. If no sample was in the beam, the amplitude
of the ripple on trace #1 was smaller than the d.c. level.

In any case, the amplitude of the ripple on trace #l1 was
proportional to the amplitude of the beam transmitted through

the sample. This made it possible, in principle, to measure
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both the change in amplitude and phase simultaneously, as
mentioned in section 3-4. The reason for not doing this was
that very slight beam displacements produced large changes in
intensity at the photomultiplier (PM#1 in Figure 5); such
beam displacements unavoidably occurred when attempts were
made to calibrate the change in amplitude using thick neutral
| density filters. If calibrated attenuators with thicknesses
comparable to those of the films being measured had been |
available, the experiment could have been conducted by
measuring both the change in amplitude and phase simultaneously,
because the thin films did not produce noticeable beam displace-
ments. The calibration could have been omitted if films had
been compared only in a small thickness range, but this would
have required greater accuracy in thickness measurements. For
the phase shift measurements, it was desirable to compare films
of greatly different thickness, to maximize the measured effect,
but intensity or amplitude measurements on films of considerably
different thickness require calibratiop of the photomultiplier
response. Because of these difficulties, it was decided to
measure the phase shift and the transmissivity in two independ-
ent experiments.

Having decided to make the transmissivity measurements
independently, we decided also to make these measurements
using films on substrates. The suspended films used for phase
. shift measurements could also have been used for the

transmissivity measurements, but it was found that transmis-
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sivity measurements on such small samples were difficult to
perform. For example, diffraction at the edges of the
apertures over which the samples were suspended could lead to
serious photometric errors. Furthermore, the presence of a
glass substrate has a negligible effect on the transmissivity

if a sample of large area is used (see section 3-6).

3-5=-5 Details of the Phase Shift Measurement

A phase shift measurement was made in the following way.
With no sample in the beam, gas was admitted to the phase
shifter, producing on the chart two traces with some arbitrary
phase difference between them. The sample was then inserted
in the beam as in Figure 5, and the supply voltage on
photomultiplier #1 was increased as necessary and/or the
sensitivity of the lock-in amplifier was increased to bring
the signal to a measurable level. No adjustment was made to
the reference signal from photomultiplier #2, since that
signal was completely unchanged by the insertion of the sample.
The presence of the sample was the only change in the optical
train. The phase shifter was then scanned again, and the

change in the phase difference between the traces on the

chart was measured. This would be the phase shift due to the
sample, if the phase difference between the sample beam and
the refe£ence beam had not drifted. 1In general, the phase
_shift was only known modulo 2w, of course, but our films were

all sufficiently thin that the measured phase shifts were °
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known to be between zero and 2w.

3-5-6 Compensation for Drifts in Phase

Note that the optical arrangement of Figure 5 automatically
compensated for phase drifts arising in the optical components
common to both the sample beam and the reference beam. When
the apparatus was allowed to monitor the drift, with the phase
shifter inoperative or withdrawn from the beam, it was obser#ed
that large drifts (several fringes) sometimes occurred over a
time interval of approximately one hour. However, these
drifts were present in both traces on the chart; the phase
difference between the two traces remained unchanged. When the
phase shifter was operated, the drift became manifest as
variations in the period of the two traces as illustrated in

Figure 8.

reference beam

Q

o | V

&

b W
S /

sample beam

>
time
Figure 8.
Effect of phase drift (exaggerated) on chart recorder
output. The time scale is such that one cycle corre-

sponds to a few minutes.
-
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Even though the traces were of variable period, the phase
difference between them was well defined over each cycle, so
that an accurate measureméent of this phase difference was
possible.

The exact origin of the observed drifts is unknown, but
one possibility, for example, could have been that the optical
path length in the Pockels cell changed as the cell warmed up
or cooled down, depending on its heat-loss rate, which, becaﬁse
of air currents, was probably not constant in time.

A 'small residual drift of the phase of the sample beam
relative to the phase of the reference beam was also observed.
This drift could, perhaps, have been due to changes in air
temperature, resulting in changes in optical path difference
between beams R, and S, and between R, and R,. This effect
could be minimized by making the geometrical path difference
in air nearly the same (with the same sign) in both cases, or,
more simply, nearly zero for both. To take this drift into
account, the phase shift measurements were repeated several
times with the sample alternately in and out of the beam. The
resulting measurements were than plotted as illustrated in
Figure 9. The difference in phase between the two resulting
curves was the phase shift due to the sample.

One could, of course, have made a direct measurement of
the phase difference between two samples of different thickness,
‘but it was convenient to use a sample of zero thickness (i.e.

no sample) as a reference.
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Figure 9.

Phase difference between sample beam and reference beam
versus time. Y is the phase shift due to the film.

The time scale spans approximately 70 minutes (10 minutes
per point). The ratio of the measured phase shift to

the drift in phase was typically of the order illustrated
here.

One might attempt to make the phase shift measurements
more quickly, to minimize the effects of slowly-varying
drifts. This did not seem feasible, however, since rapidly-
varying drifts from air currents and signal fluctuations from
electronic noise were also present, especially when looking at
a weak signal from light transmitted through a thick film.
These fluctuations were averaged using integrating time
cohstants of the order of 1 second in the output circuits of
the HR-8 amplifiers. For a measurement of phase difference

‘versus time, approximately 10 minutes per experimental point

represented the optimum.
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3-6 Measurement of Transmissivity

The optical density, defined by
1 :

where T is the transmissivity, was measured at various wave-
lengths for each film by comparing the intensity of a laser
beam transmitted through the film with the transmitted
intensity when the film was replaced by various filters of
known optical density. The arrangement of apparatus was as

illustrated in Figure 10.

sample or calibrated filter

chopper ‘//
' photo- lock~in chart

laser—_-L__; nultiplier amplifier recorder

aperture

Figure 10.
Apparatus for transmissivity measurement.

The samples for these measurements were gold films of
various thicknesses deposited on glass microscope cover slides.
These slides were,vfortuitously, sufficiently wedge-shaped in
cross-section that it was possible to use a large enough beam
diameter (up to 1 cm) to permit averaging over several fringes

~arising from interference within the substrate, thereby

reducing the change in transmissivity introduced by the sub-
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strate-air interface to a small contribution (approximately 4%).

Variations in transmissivity among cover glasses were found to
be negligible. Since k was determined (as will be described in
Section 4-2-2) using only the thickness dependence of the

transmissivity ,the effect of the substrate was inconsequential.
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CHAPTER 4

EXPERIMENTAL RESULTS

4-1 Data

The measured optical densities and phase shifts at
various wavelengths for gold films of various thicknesses are
listed in Table I. Films on glass substrates were used for
optical density measurements, and suspended films were used
for phase shift measurements. A measured phase shift was the
phase shift [y in Figure 9 and in equation (74)] introduced by
inserting a sample into the beam.

Some of the measurements were repeated after storing the
samples in a dessicator for two months; no aging effect was
observed.

The stated optical density and phase shift values are
averages of measurements repeated on several different samples
of the same thickness (from the same evaporation). The error
estimates on these values generally correspond to approximately
one standard deviation on eaCh side of the mean. In some
cases, the number of measurements was too small (3 or 4, for
example) for the standard deviation to be of statistical
significance, and in these cases the error estimates simply
indicate the entire range of measured values. The error
es;imates on the optical density measurements indicate the

extent of reproducibility in calibration, rather than
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necessarily indicating deviations in optical density among
different samples. Similarly, the error estimates on the

phase shift measurements are largely due to the finite phase
resolution of the interferometer, and do not necessarily
indicate deviations among different samples. The interferometer
had poorer phase resolution at 4880£ and 5145£ than at 6328&,
because the fringe contrast was better with the helium-neon
laser than with the argon laser. This effect was presumably

due to the fact that the linewidth of the helium-neon laser

was less than that of the argon laser.



4-2 Determination of Optical Constants in the Thick-film

Limit

The optical constants n and k were determined independ-
ently, using only the slopes of the "best" straight lines
drawn through the experimental points in the range of thick-
nesses where multiple reflections could be ignored. This
range of thicknesses can be found experimentally by noting the
thickness above which the optical density or phase shift
appears to change linearly with thickness. This range can also
be calculated, if k is approximately known in advance, by

using the criterion that multiple reflections can be ignored if

_ 47mkd
DV

e O << 1

We chose the criterion that a film was considered thick enough

if __47mka

:[O <

e 3%. (85)

The errors resulting from this approximation were smaller than
the error estimates on the measurements. A more stringent
criterion would result in data being unnecessarily discarded. From

(85) it follows that

1n (190
d n\T3—
T TK (86)
(o]

is an equivalent criterion defining the thick-film limit.
Using Johnson and Christy's (1972) values of k for gold, we

obtain:




A = 4880A
(o] o
= 4 =z 760A
A = 51452\} (87)
(o] .
-] -]
A, = 63288 = d z 500A .

Only measurements on films satisfying this thick-film criterion

; were used in determining the optical constants. The reason for
doing this is that this technique eliminates surface effects {see
below). Since 644A was the thickness of the thinnest film
satisfying (87) for Ao = 6328&, the films used at this wave-

— 47wkd
length satisfied the criterion e Xo = 1.

4-2-~1 Determination of n

In the thick-film limit, the phase changes ¢, and ¢, at
the surfaces become constant (independent of thickness), and

the phase change on transmission can be written

Y = 6, + 6, + 24 (88)
O

In this limit, the phase shift ¢y is, from equation (74), of

the form
2wd
V=5 -y
Ao
- 2y, (89)
o

‘The rate of change of phase shift with thickness is
Ty = = - (90)
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n was determined at each wavelength from the slope 3%%7
of the experimental plot of phase shift versus thickness

according to
A

=1 - .0 . _4v
n=1-s"3@ (o1)
which is equivalent to (90). The slopes were determined using
the method of least squares,'utilizing only data from films

satisfying the thick-film criterion (87). A representative

plot is shown in Figure 1l1l.
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Figure 11. '
Determination of n from the slope of the experimental
plot of phase shift vs. thickness. (X°=63283)

Experimental points are for gold films.
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4-2-2 Determination of k ~

In the thick-film limit, the transmissitivity is
approximately

_ 47kd

where C is independent of d; thus

logio T = logio C - (i#é)logloe. (93)‘
(o}
Since 0.D. = -log;o T from (84), the rate of change of optical

density with thickness is, in the thick-film limit,

da(0.D.) _ amk
af9:0-) ~ 0.434 (ro——) . (94)

k was determined at each wavelength from the slope gé%é?Ll

of the experimental plot of optical density versus thickness,

using equation (94) in the form

CA :
k= 2.30 2 d—é%?'—)— , (95)
1 .
where we have put TSETFE’“ 2.30. The slopes were determined

by means of least squares fits to the data from films with
thicknesses satisfying the thick-film criterion (87). A
representative plot is shown in Figure 12. This method of

determining k has been outlined by Heavens (1970, p. 71).



Figure 12,
Determination of k from the slope of the experimental
plot of optical density vs. thickness. (A°=63283)

Experimental points are for gold films.
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4-2-3 Table of values of n and k for Gold

Our values of n and k, determined in the thick-film
limit in the manner described in sections 4-2-1 and 4-2-2, are
listed in Table II. These results represent the "correct"

values for n and k in that they are independent of surface

conditions.

Table II. Experimental Results for the Optical Constants of

Gold, Determined in the Thick~-film Limit

xo(i) n | x

6328 ' 0.20 * 0.10 3.71 % 0.25
5145 | 0.67 + 0.15 2.05 % 0.25
4880 0.9 + 0.3 : 1.70 + 0.25
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4-3  Comparison of Measurements with the General Theory

Incorporating the Effects of Multiple Reflections

The values of n and k determined in the thick-film limit
(section 4-2) are the "correct" values because they are
determined using only the thickness dependences of the
measured optical densities and phase shifts, and surface
effects are thus eliminated. (The procedure does require that
the surface effects be the same for different samples, and
this implies that the samples should have a similar history of
preparation.)

The individual measurements of optical density or phase
shift must include surface effects. We now wish to compare
our measurements with the theory outlined in section.2-2;
this theory assumes that the optical constants are the same at
the surfaces of the film as in the bulk material. Temporarily
making this assumption, we re-determined the optical constants
by fitting to the data values of n and k given by the theory
in section 2-2. The theory includes the effects of multiple
reflections; it is valid for all thicknesses, so measurements
on thin films were included in the comparison with the theory.
The values of the optical constants determined in this manner
deviated from the values determined in the thick-film limit
(section 4-2). The extent of the deviations provided an
estimate of the surface contributions to the measurements.

We employed equations (64) and (84) to plot theoretiqgl

curves of optical density versus thickness (0.D. vs d), and
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equations (66) and (74) to plot theoretical curves of phase
shift versus thickness (¢ vs d), using a Hewlett-Packard
Model 9100B Calculator, Model 9101A Extended Memory, and
Model 9125A Plotter. Since the optical density measurements.
were performed using films on glass substrates, n, was put
equal to 1.5 in equation (64). The small change in
transmissivity introduced by the back surface of the substrate
was neglected; the error thus introduced was smaller than the
error in the measurements. n, was put equal to 1 in equation
(66) because the phase shift measurements were performed using
suspended films.
At a film thickness of zero, the calculated phase shift
is zero, of course, and the calculated optical density has a
small finite value due to the reflection loss at the.boundary
of the substrate. In the thick-film limit, the slopes of the
theoretical curves approach the values given by equations (90)
and (94).
Note that the calculation of each theoretical curve
requires the specification of the values of both n and k.
To determine n and k at a particular wavelength, the following
iterative procedure was employed.
(a) Theoretical curves of 0.D. vs d were plotted for various
values of k, using the value of n determined in the
manner described in section 4-2-1. A representative

plot is shown in Figure 13. A new value for k was found

by choosing the theoretical curve that provided the best



- 61 -

fit to the experimental points.

(b) Theoretical curves of ¢ vs d were plotted for various
values of n, using the newly-determined value of k.

A representative plot is showq in Figure 14. A new
value for n was found by choosing the theoretical
curve best fitting the experimental points.

(c) Using the new value of n, 0.D. vs d was plotted and k
was re-determined. A representative plot is shown in
Figure 15.

(d) Using the new value of k, ¥ vs d was plotted and n was
re~-determined. A representative plot is shown in
Figure 16.

Steps (c) and (d) were repeated until the values of n and

k remained unchanged.
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Figure 14.

PHASE SHIFT VS. THICKNESS
for k = 3.7 and A = 63288 .

Experimental points are for gold films.
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Figure 15

OPTICAL DENSITY VS. THICKNESS
for n = 0.27 and X, = 6328A

Experimental points
are for gold films,
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Figure 16

PHASE SHIFT VS. THICKNESS
for k = 3.55 and A = 6328A

Experimental points are for gold films,
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This iterative procedure is illustrated graphically
in Figures 13 to 16 for Ao = 63283, and Figures 15 and 16
are plotted using the final values of n and k determined from
this procedure. - Similarly, Figures 17 and 18 are plotted for
Ao = 5145&, using the final values of n and k, and Figures 19
and 20 are plotted for Ao = 4880&, also using the final

values of n and k.
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Figure 17

OPTICAL DENSITY VS. THICKNESS
for n = 0.75 and A _ = 51453

Experimental points
are for gold films.
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Figure 18

PHASE SHIFT VS. THICKNESS
for k = 2.0 and A = 51453
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Figure 19

OPTICAL DENSITY VS. THICKNESS
for n = 1.15 and A_ = 4880A

Experimental points
are for gold films,

| 1

500 1000

Film thickness (A)

1500

.
i

o



TR 9

Phase shift (degrees)

150

100

Figure 20

PHASE SHIFT VS. THICKNESS
for k = 1.8 and A_= 48807

Experimental points are for gold films,
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To indicate the rapidity of convergence of the

iterative procedure, the optical density is plotted against d
in Figure 21 for various values of n, at a particular value
of k. Note the insensitivity with respect to the choice of

n. Also, the phase shift ¥ is plotted as a function of 4 in
Figure 22 for various values of k, at a particular value of n.
k is associated with absorption, thus largely determines the
optical density. Correlatively, n is related to the wave-

length of light inside the material, hence largely determines

v.
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OPTICAL DENSITY VS. THICKNESS
for k = 3.55 and A_ = 6328A.
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Our final values of n and k, determined using the

general theory, are listed in Table III.

Table III. n and k for Gold, Determined from the General
Theory. These values are influenced by
surface effects. The "correct" values of

n and k are listed in Table II.

-]
Ay (B) n . k
6328 ' 0.27 + 0.06 3.55 ¢+ 0.15
5145 0.75 + 0.08 . 2.00 % 0.15
4880 1.15 + 0.1 : 1.80 = 0.15

A tentative assessment of surface effects is now
possible. In Figures 14 or 16, for example, it is clear that
an addition of approximately 5° to all of the phase shift
measurements at Xo = 6328£ would bring the experimental points
into agreement with the curve for n = 0.20, which is the
"correct” value of n determined by the technique which elim-
inated surface effects by using only the thickness dependencesv
of the measurements in the thick-film limit. It is thus
possible that the sum of the phase shifts at the surfaces was
approximately 5° greater than that which would be consistent
with the theory of section 2-2. Similar deviations are noted

© (-] ©
at Xo = 5145A and at Xo = 4880A. At Ao = 6328A, a noticeable
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difference is. present in the values of k determined by the
two methods. A definite statement on the magnitude of the
surface contributions is not justified at this point,
because the observed deviations are comparable to the

uncertainties in the measurements.
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4-4 Discussion of the Results

The results of Johnson and Christy (1972), as well as
those of Schulz (1954), and Schulz and Tangherlipi (1954),
are compared with our values(from Table II) of n and k for
gold in Figures 23 and 24. Our results are in agreement, with-
in experimental error. The large uncertainty in our value for
n at Ao = 4880R arises from our having used only two points |
corresponding to the two thickest films in the plot of phase
shift versus thickness.
Hunderi (1972) and Theéye (1970) have measured €, and €,

for gold; Pells and Shiga (1969) have measured €,. The
values of €, and ¢,, calculated using our values of n and k
in equations (15) and (16) are in agreement, within dur
experimental uncertainty, with the above authors' values.
Johnson and Christy's results differ substantially from
Théye's at photon energies of 3eV to 5eV (that is, at wave-
lengths shorter than 4000&), and Johnson and Christy believe
that this discrepancy arises because Théye's films were too
thin (4 ~ 150&) to give bulk values. In the wavelength range
4880£ to 6328&, the results obtained by all of the above authors

agree with ours, within our experimental error, although they

do not all agree with each other. For example, Pells and

Shiga's values of €, for gold are greater than Johnson and

Christy's.
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4-5 ' Suggestions for Improving the Accuracy of the Results

The accuracy of valueé of n and k obtained using our
method could be improved, possibly to an accuraéy comparable
to that obtained by Johnson and Christy (1572) who state that
their method, using reflection and transmission measurements
on films less than 500; thick, yields results for n and k
accurate to $0.02,

Errors in phase shift measurements could be reduced by
enclosing the interferometer in an evacuated chamber, and the
accuracy of the transmissivity measurements could be increased
by using better calibration filters. A difficulty with using
neutral density filters is that multiple reflections occur
when filters are employed in a series; a superior calibration
technique might be to use a constant-length absorption cell
containing a solution of variable concentration.

The accuracy of the thickness measurements could be
improved by adopting any of the more accurate (and more time-
consuming) methods (Heavens, 1965, Chapter 5). One fairly
easy way of making more accurate thickness measurements could
be to have a rotating shutter between the source and substrate
during evaporation, producing (simultaneously) a series of
films of accurately-known relative thickness. The thickness
of the thickggt film could then be measured using the techniques
described in section 3-3, and the thicknesses of the thinner
films would then be known. (The thick film need not be used

in the transmissivity or phase shift measurements.) 1In
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addition, the thickness of the thinnest film could be

measured using the x-ray technique mentioned at the end of
section 3-3. This would provide accurate thickness measure-
ments at both extremes of the range, and would permit accurate

interpolation to intermediate thicknesses.
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CHAPTER 5

" CONCLUDING REMARKS

5-1 Comments and Conclusions ~-- Evaluation of the Technique

This thesis has demonstrated the feasibility of
determining the optical constants of metals using a transmission
technique in which both the transmissivity and the phase
shift of the transmitted light are measured. The main
advantage of this transmission method, compared to reflection
methods, is that it provides direct information on the bulk
properties of the material. Surface effects can be eliminated
by using samples of sufficient thickness that multiple reflec-
tions may be neglected. 1In this thick-film limit, when one
sample is compared with another of different thickness,
assuming the surfaces of the two samples have identical
properties, the difference in transmissivity or the difference
in the phase change on transmission is due only to the
difference in distance of bulk material through which the light
has passed.

Reflection measurements, on the other hand, can be per-
formed using a single sample, whereas the transmission tech-
nique described in this thesis has the disadvantage that it
requires the fabrication of several samples of different
thickness. This is not a serious detriment, however, since a
‘suitable set of samples can be produced in a single evaporation

run, and the only disadvantage is in the time and effort
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required for the additional measurements. In addition, the
preparation and storage of samples is not as critical in our
case as it is for reflection measurements, because of the
relative insensitivity of transmission measurements to
surface contamination.

At present, our technique enables n to be determined,
at a particular wavelength, to roughly the same absolute
accuracy (0.1 at Ao = 63282) regardless of the magnitude of'
n. Thus the percentage uncertainty in the value of n is
greater for matérials with small n. Silver, for example, has
a relatively small value of n (y 0.05) for Ao in the visible
portion of the spectrum (Johnson and Christy, 1972;
Shklyarevskii and Korneeva, 1971; Schulz and Tangherlini,
1954). Consequently, the wavelength of light is very long
inside a silver film, and the phase change in traversing the
film (excluding the phase changes at the surfaces) is very
small. Our technique in its present form is thus not suitable
.for measuring n for silver, although an approximate value has
- been obtained.

Similar limitations on the accuracy of n are also present
in Schulz's technique, which uses measurements of reflectivities
on the'megal side and on the substrate side of the sample
(Schulz, 1954, p. 367); although the estimated error in n is
somewhat smaller for smaller n, the percentage error still
increases as n decreases. Johnson and Christy's uncertainty

in the value of n is nearly constant (+0.02); consequently
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their results also exhibit a large percentage error if n is
small. (Johnson and Christy's uncertainty in tﬁe value of n
for silver is #40% for Ao in the visible.)

We now turn our attention to the accuracy of the values
of k determined using the transmission technique. Noté that
our value of k for gold at Ao = 6328£ appears somewhat
greater than Johnson and Christy's value, with the deviation
just within the error range. It would be desirable to improve
the accuracy of our transmissivity measurements (perhaps
utilizing the suggestions in section 4-5) to ascertain
whether the value of k determined from transmission measure-
ments differs from the the value of k determined by means of
an experiment that includes reflection measurements. .

The region of the n-k plane in which our technique is
least accurate is the domain of small n and large k. This
happens to be the domain of high reflectivities, since, from
equations (38) and (60), the normal-incidence reflectivity for

a single air-metal interface is

2 _ (1-n)2+k?

1-n
— Ty z+kz °

R = —
1l+n

Thus for small n and/or large k, the reflectivity approaches
unityﬁx This range of values is encountered, for example, in
the case of silver, which has both a large value of k ?ﬁ.

(~ 4.2 at Ao = 63283) and a small value of n. However, 6ne of
these conditions without the other enables our technique t?

be used. For example, a strongly-absorbing material with a
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reasonably large value of n can be studied because the phase
change on transmission is measurable for thin films. Also, a
weakly-absorbing material with a small value of n can be
studied, since thicker films can bg used to facilitate phase
shift measurements.

With the anticipated improvements to achieve an ultimate
accuracy, the transmission technique should have essentially
unlimited applicability. The technique should be usable for
silver, and since silver is the "worst case" (having both
small n and large k), the technique should be suitable for any
material. No material known to the author satisfies both
and k > k

n < in the visible portion of the

Ngilver silver

spectrum. (Aluminum has a larger value of k than silver, but

the value of n is also greater for aluminum than for silver.)
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5-2 . Suggestions for Further Study

(a) Improvements in the accuracy capabilities of the technique,
along the lines suggested in section 4-5, would lead naturally
into several further experiments. For example, despite the large
amount of work performed in the past, aiscrepancies in the
reported values of the optical constants of metals still

exist among different authors describing recent work.

Accurate measurements would not only resolve these discrepan-
cies but would also provide accurate values that could be
comparéd to sophisticated calculations of the optical
constants (Johnson and Christy, 1972, p. 4370).

(b) If the technique were capable of providing more accurate
values; it would also enable a quantitative study of surface
effects to be performed. A detailed comparison of the

results obtained in the thick film limit with those obtained
using the general theory could then be carried out, and dis-
crepancies between the two sets of values would be a measure
of the surface effects.

(c) Our phase shift measurements were performed using
suspended films. Films on substrates could also be used,
provided that#the variations in thickness of the substrates
are "mapped" in advance. For example, é cleaved piece of
mica could be studied with the interferometer to find the
cleavage steps, which would show up as steps in the measured
~phase shift. A film could then be deposited on the mica,‘gnd

the phase shift for the film could be measured. This
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procedure might be suitable for a material which is so strongly-
absorbing that a film of appropriate thickness for phase shift
measurements would be too thin, hence too fragile, to suspend
over an aperture of reasonable size. Another possible motiva-
tion for using films on substrates is that one could, in an
application similar to that préposed in suggestion (b),
perform a quantitative evaluation of deviations from the bulk
values of the optical constants near the surfaces of samples
adjacent to va;ious substrates.

(d) Highly reactive materials cannot be conveniently

studied by reflection methods because of surface oxidation
problems. The optical constants of such materials (e.q.
thallium, which is also toxic) could be measured using our
transmission technique by making "sandwiches" with vérious
thicknesses of the material to be studied between layers of

an inert protective material (e.g. carbon).

(e) It would be interesting to observe the variations in the
optical constants of some material (e.g. cesium, with

AP a3 4400&) while tuning through its plasma frequency with a
dye laser. This could be done with our technique; the electro-
optic modulator could be made broad-band by applying a d.c.
voltage bias rather than using optical biasing in the form of

the quarter-wave plate.
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