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Technical Note 1

Outline of the ellipsometry of thin layers
using the Picometer Ellipsometer

Ellipsometry determines the complex ratio r of the
amplitude reflectivities for p and s polarised elec-
tromagnetic waves:

r=ry/r,=r, +ir =tanWe* = pe®
We assume here that the reflection takes place at
an interface characterised just by the amplitude re-
flection coefficients rs and r,. This covers the situa-
tions of reflection from isotropic layers on isotropic

substrates, and uniaxial layers with optic axis nor-
mal to the surface on isotropic substrates.

When the substrate is a transparent dielectric,
then in principle r is real for all angles of incidence,
varying between 1 at normal incidence 8=0° to
—1 at grazing incidence 8= 90°. At the Brewster
angle 6s the value of r passes through zero. In
practice most bare substrates have small values of
ri at 6s, associated with departures from the ideal
dielectric constant step function at the interface.
Typical values are usually in the range 1 to
5 x 10-3. Absorbing substrates have complex re-
fractive indices, and these generate larger elliptici-
ties at the Brewster angle. Metals are the extreme
case, withr; ~ 1 at 6,

When a thin layer is formed on a substrate then
all the changes made to both r, and rs are to first
order functions of the one variable n, given by

n :J’dz(e—el)(g—sz)/s
where &, &, and ¢ are the dielectric constants of
the incident, reflecting and layer media, respective-
ly. If any of the media are absorbing, then n be-
comes a complex function. In the case of uniaxial
surface anisotropy the expression for n becomes

n :‘[dz{sx +e6,/e,— (& + 52)}
with & and &, being the dielectric constant compo-
nents of the layer in the x (normal to the plane of
incidence) and z (normal to the surface) directions.

Note that in these expressions the first order
change results from the integrated surface profile
function, and does not require the assumption of a
well-formed layer. If € is near say & then alterna-
tive forms for n are

n=(s,-&)r /e, and n=T, +n(e,).
In the first function I, is the dielectric constant ex-
cess, T, :J'dz(e — &,), while in the second function
Fais the ariisotropy excess T, = dz(e, - ¢,), and

n(ey) is the g excess.

Model calculations using the unifom layer equa-
tions show that in practice first order linearity as a
function of n extends as a function of layer thick-
ness up to several hundred Angstroms. It should
then also be appreciated that within this range the
data does not contain more information than ob-
tained in this function n. In other words, it is not
possible to separately determine an effective layer
thickness and value for its dielectric constant, as it
is possible to do for thicker layers beyond the first
order approximation.

When the substrate and layer are transparent,
then the simplest measurement is to determine n
by a measurement of r; at the Brewster angle.
Then

rr=0

r= (71/)\){(‘91 +&,)" (e - sz)}n

In practice weakly absorbing materials such as sili-
con act effectively as transparent dielectrics, hav-
ing only a small value of r; at s, In addition, thin
oxide layers on the surface of silicon add to the
background value for r; at the Brewster angle.
Changes in r; due to a layer are still given by the
function above.

When the substrate is a highly reflecting metal
thenri ~ 1 at 6 Thin layers cause r, to be linear in
layer thickness up to about 100 A. Again the com-
plete layer equation can be used to take into ac-
count nonlinearities.

The Birefringence

Modulator

To measure r, the polarisation a probe beam of
light is analysed after it is reflected by the sample.
For this, the polarisation is modulated either by a
rotating polariser or, as in the Picometer Ellipso-
meter, by a photoelastic Birefringence Modulator.
An isotropic glass slab (which can be fused silica
for operation in the UV) of thickness d (typically

1 cm) is set into longitudinal oscillation at its reso-
nance frequency w where the wavelength of vibra-
tion is 2L, with L the length of the slab. The per-
iodic uniaxial strain &«) which is produced in the
center of the slab gives a periodic change in the
refractive index for light polarised parallel to the
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oscillation direction, and this leads to a periodic
variation An(e) in the refractive index difference for
light polarised parallel and perpendicular to the os-
cillation direction given by

An(6, w) = ad(w)
with a the piezo-optic constant. This strain-in-
duced birefringence results in a periodic change of

the optical phase shift along the direction of oscil-
lation, given by

®(w) = 2mA\nd/A = @, sin(ct)
where A is the wavelength of the light.

Optical Arrangement

Jasperson and Schnatterley first used the Bire-
fringence Modulator ellipsometer configuration in
association with their studies of optical properties
of solids. Subsequently Beaglehole found that
configuration A (below) was ideal for the study of
liquid surfaces, and in that form the Birefringence
Modulator ellipsometer is now finding extensive
use, due to its high sensitivity, stability and ease of
use. The BME has three components, Polariser P,
Birefringence modulator BM placed before the
sample, and Analyser.

Configuration A:

The incident Polariser is oriented at 45° to provide
equal s and p amplitudes. The BM is oriented with
the oscillation axis in the p direction. The Analyser
is oriented parallel or perpendicular to the Polari-
ser. The intensity varies as

| = 1,08°{1+ p + 2pcogA - D)}
The plus and minus signs + refer to the two direc-

tions of the Analyser, and ® = @, sin(at) is the
strain-induced birefringence.

Configuration B:
The BM is oriented parallel to the Polariser
The intensity varies as

| = Iopsz{1+ P+ (1— pz)cos(tb)}
The signals detected by amplifiers at frequency w

and 2wnormalised by the zero frequency signal
are
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Configuration A:
w/dc = 43, (), /{1+ p? £235(y)p cosA}

2w/dc = t4J2(d>0)rr/{1+ p* +23,(P,)p cosA}

Configuration B:

20/de = £23,(®,)(1- p°) /{L+ P £ 35(®, (- p°)}

These expressions look complicated, but simplify
in practice.

) Jo(@), h(g) and J(g@) are the standard Bessel
functions. If @ is adjusted to about 2.4 radians
then Jo is zero, and J; and J, are not far from their
maximal values.

(ii) Configuration A: Near the Brewster angle for
transparent substrates p is small; for metal sub-
states p ~ 1, but p cosA is small.

Optical Calibration

The ellipsometer needs to be calibrated to elimi-
nate the unkown gain factors of its electronic sub-
systems. In direct transmission, p=1 and A= 0.
Then the 2a/dc signal ratio equals Jx(@). With a
quarter wave plate inserted in the optical beam
with its fast axis in the p direction, A = 90° and the
w/dc signal ratio equals Ji(@). The gain factors
and any stray birefringence can be determined
from measurements at these standard conditions.

Electronics

The w and the 2w signals should be extracted from
the detector using lock-in amplifiers, while the dc
signal is directly available at the detector output.
Each of these varies in proportion to the incident
intensity level, and is subject to light source fluc-
tuations as well as sample changes. The former
are removed if the ratio of these is taken contin-
uously, for instance with a ratio amplifier or compu-
ter. Alternatively, a voltage-controlled amplifer can
be put in the signal channel, and its gain varied to
maintain a constant dc signal level. If the detector
is a photomultiplier, a very convenient method is to
use a feedback loop that adjusts the photomulti-
plier high voltage to keep the dc output current
level constant.
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