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Figure 1. Optical signal as the result of interaction of an electromag-
netic wave with the sample.

In the framework of classical electrodynamics, any kind of
light (which is used in optics) may be regarded as a superpo-
sition of electromagnetic waves. The idea of optical material
characterization is quite simple: If we have an object to be
investigated (a sample), we have to bring it into interaction
with electromagnetic waves (light). As the result of the inter-
action with the sample, certain properties of the light will be
modified. The specific modification of the properties of electro-
magnetic waves resulting from the interaction with the sam-
ple should give us information about the nature of the sample
of interest.

For sufficiently low light intensities, the interaction pro-
cess does not result in sample damage. Therefore, the major-
ity of optical characterization techniques belongs to the non-
destructive analytical tools in materials science. This is one
of the advantages of optical methods.

Although the main idea of optical characterization is quite
simple, it may be an involved task to turn it into practice. In
fact, one has to solve two problems. The first one is of an
entirely experimental nature: The modifications in the light
properties (which represent our signal) must be detected. For
standard tasks, this part of the problem may be solved with
the help of commercially available equipment. The second
part is more closely related with mathematics: From the sig-
nal (which may be simply a curve in a diagram) one has to
conclude on concrete quantities characteristic for the sample.
Despite the researcher’s intuition, this part may include se-
vere computational efforts. Thus, the solution of the full prob-
lem requires the researcher to be skilled in experiment and
theory as well.

Let us now have a look at Fig. 1. Imagine the very simplest
case—a monochromatic light wave impinging on a sample
which is to be investigated. The parameters characterizing
the incoming light (wavelength, intensity, polarization of the
light, propagation direction) are supposed to be known. Fur-
ther imagine that as the result of the interaction with the
sample, we are able to detect an electromagnetic wave with
modified properties. With properties of the electromagnetic
wave may have changed as the result of the interaction with
the sample? In principle, all of them may have changed. It is
possible that the interaction with the sample leads to changes
in the wavelength of the light. Typical examples are provided
by Raman scattering, or by several nonlinear optical pro-
cesses. The polarization of the light may change as well. Ellip-
sometric techniques detect polarization changes and use themOPTICAL PROPERTIES
to judge the sample properties. Clearly, the light intensity
may change (in most cases the light will be attenuated). ThisMaterials science may be characterized by a tremendous di-

versity of techniques, including mechanical characterization, gives rise to numerous photometric methods analysing the
sample properties based on the measurement of intensityelectrical methods, chemical analysis, electron microscopy,

and others. This article presents an introduction to the optical changes. And finally, we know that the refraction of light may
lead to changes in the propagation direction. Any refractome-characterization of solid state materials.
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law. In practice, a certain fraction of the light intensity is
diffusely scattered. That leads us to the definition of the opti-
cal scatter S as the ratio of the intensity of the light partici-
pating in scattering processes and the incoming intensity.
Analogously, we define the absorptance A as the ratio of the
absorbed intensity and the incoming one. In the presence of
absorption and scatter, the energy conservation law may be
written as

T + R + A + S = 1 (1)

T S

R

ϕ

So that these four quantities are not independent from each
Figure 2. The optical signal may be generated by transmitting (T), other, and accurate knowledge of three of them allows the
specularly reflecting (R), or scattering (S) the incident light. � is the fourth to be immediately calculated. Nevertheless, all four
angle of incidence. quantities T, R, S, and A may, in principle, be measured inde-

pendently from each other. The algebraic sum of absorption
and scatter is often called optical loss, and the measurement

ter makes use of this effect to determine the refractive index of the optical loss represents one of the most challenging ex-
of a sample. perimental tasks of optical material characterization (2).

The diversity of parameters characterizing electromagnetic Let us make a final remark in this context. The values T,
radiation (in practice they are more than those mentioned R, S, and A are characteristic for a sample in specific experi-
here) may give rise to quite diverse optical characterization mental conditions. This means that both sample material and
techniques. Clearly, in the framework of this paper only a few its geometry (including the experiment geometry) are respon-
of them may be discussed. sible for the signal. If one is interested in the pure material

Any practical situation is more complicated than that properties, the geometrical influences on the signal have to be
shown in Fig. 1. After interaction with the sample, light may eliminated, experimentally or by calculations.
leave the sample in several directions (Fig. 2). From the phe-
nomenological point of view, the light may either be Important Spectral Regions

Table 1 provides an overview on important spectral regions• Transmitted through the sample (in a well-defined direc-
and the origin of characteristic material absorption struc-tion), or
tures (3,4).

• Specularly reflected from the sample, or
• Diffusely scattered at the sample surfaces or in its vol-

LIGHT PROPAGATION IN CLASSICAL PHYSICSume, or
• Absorbed at the sample surfaces or in its volume

The Wave Equation in the Homogeneous and Isotropic Case

In terms of classical physics, the propagation of electrody-Let us for simplicity focus on the intensities of the signals. It
is a common practice to define the transmittance T of the sam- namic waves may be described starting from Maxwell’s equa-

tions (5,6). In order to simplify the description here, we re-ple as the ratio of the intensity of the transmitted light and
that of the incoming light (1). Accordingly, we define the spec- strict ourselves to optically homogeneous and isotropic media.

Furthermore, we will regard the medium as nonmagnetic. Inular reflectance R as the ratio of the specularly reflected inten-
sity and the incoming one. If we deal with a sample that does this case, Maxwell’s equations lead to
neither diffusely scatter nor absorb the irradiation, then the
thus defined transmittance and reflectance must sum up to
the value one—simply as a result of the energy conservation

rotrotEEE ≡ graddivEEE − �EEE = −µ0
∂2

∂t2 DDD (2)

Table 1. Important Spectral Regions

Vacuum Wavelength Wavenumber v Angular Frequency � Photon Energy
� v � 1/� � � 2�vc W � hcv Origin of Absorption

Spectral Region (nm) (cm
1) (s
1) (eV) (Examples)

Far Infrared 106 
 5 � 104 10 
 200 1.9 � 1012 
 3.8 � 1013 1 � 10
3 
 2 � 10
2 Free carriers; orientation
(FIR)

Middle Infrared 5 � 104 
 2.5 � 103 200 
 4000 3.8 � 1013 
 7.5 � 1014 2 � 10
2 
 5 � 10
1 Free carriers; vibrations
(MIR)

Near Infrared 2.5 � 103 
 8 � 102 4000 
 12500 7.5 � 1014 
 2.4 � 1015 5 � 10
1 
 1.6 Free carriers; vibrational
(NIR) overtones

Visible (VIS) 8 � 102 
 4 � 102 12500 
 25000 2.4 � 1015 
 4.7 � 1015 1.6 
 3.1 Excitation of valence
Ultraviolet 4 � 102 
 10 25000 
 106 4.7 � 1015 
 1.9 � 1017 3.1 
 124 Electrons

(UV)
X-ray (X) 10 
 0.005 106 
 2 � 109 1.9 � 1017 
 3.8 � 1020 124 
 25000 Excitation of core electrons

(unusual)
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Dispersion of Optical Constants

Let us now postulate the final form of the relation Eq. (7),
valid for linear optics. The polarization at the moment t in
the point characterized by the vector r may be written as

PPP(t,rrr) = ε0

∫ ∞

0
dτ

∫
V

κ(τ,RRR)EEE(t − τ,rrr − RRR) dRRR (8)

Equation (8) may be understood in the following way: The
polarization (at the time t in the point r), which represents
the response of a system on the stimulating field, may de-

P

0 ΕLinear optics Nonlinear optics

P≈P(1)>>P(2), P(3) P(1)

P(2)

P(3)

pend on

Figure 3. The polarization of a medium as a function of the electric
field strength contains linear as well as nonlinear contributions. For • The spatial field strength distribution in the volume V
weak electric fields, the linear contribution is dominant, thus de- surrounding the point of interest
termining the field of linear optics. • At all previous moments (causality principle)

• The specifics of the medium, which are hidden in the re-
sponse function �

with E the vector of electric field strength, and D that of the
induction. Per definition, the induction is connected with the The combination of Eq. (4) and Eq. (8) may be satisfied by
electric field via a transversal propagating wave according to

DDD = ε0 EEE + PPP (3) EEE(t,rrr) = EEE0e−i(ωt−krkrkr) (9)

This may be checked substituting Eq. (8) and Eq. (9) into Eq.where P is the so-called polarization of the medium. It is de-
(4). One will then find that Eq. (9) indeed is a solution of Eq.fined as the dipole moment per volume. From the viewpoint
(4) and Eq. (8), if the absolute value of the wavevector k isof optical material characterization, it plays the key role here
equal tobecause it contains the specific optical properties of the me-

dium where the electromagnetic wave will propagate. Com-
bining Eq. (2) and Eq. (3), we obtain −k2 + µ0ε0εω

2 = 0 ⇒ k = ±√
ε
ω

c
= ±√

ε
2π

λ
(10)

where the value � is called the dielectric function of the me-graddivEEE − �EEE + µ0ε0
∂2

∂t2 EEE = −µ0
∂2

∂t2 PPP (4)

dium and must satisfy

Equation (4) completely describes the propagation of elec-
tromagnetic waves in a homogeneous, isotropic, and nonmag- ε = ε(ω,kkk) = 1 +

∫ ∞

0
dτ

∫
V

κ(τ,RRR)ei(ωτ−kRkRkR) dRRR (11)
netic medium. It is now essential to define a relationship be-
tween E and P to solve Eq. (4). Considering only induced (by

From our treatment it turns out that the introduced dielec-the field) dipole moments, an arbitrary dependence P(E) may
tric functionbe formally written as Taylor’s sum (7,8):

• Has to be regarded as a complex function, and conse-PPP = PPP(1) + PPP(2) + PPP(3) + · · · (5)
quently has a real and an imaginary part

• May depend on the frequency of the electric field. Thiswith
effect is called time dispersion or frequency response

• May depend on the wavevector k (and therefore on theP(1) ∝ E, P(2) ∝ E2, P(3) ∝ E3, . . . (6)
wavelength of the light). The latter effect is called spatial
dispersion or wavelength responseand so on. The principal E-dependence of these terms is illus-

trated in Fig. 3 (9). From Fig. 3 it is essential to remark that
While time dispersion occurs, when the light frequency comesfor weak field strength values the polarization must be domi-
close to a characteristic eigen-frequency of the medium inves-nated by the first (linear) term in Eq. (5). In this field
tigated, spatial dispersion will be found when the light wave-strength region, Eq. (4) may be solved regarding the simple
length equals a characteristic spatial dimension of the me-dependence
dium. In materials science practice, spatial dispersion is often
negligible, and we will concentrate on the time dispersion of-PPP ≈ PPP(1) ∝ EEE (7)
ten simply called dispersion in the forthcoming section. Keep-
ing in mind these remarks, we finally obtain from Eq. (9)Then Eq. (4) describes the processes of the so-called linear

optics. The more general case [Eqs. (5, 6)] is called nonlinear
optics. In the forthcoming, we will focus on the linear case. EEE(t,rrr) = EEE0e−Im

√
ε ω

c re−i(ωt−Re
√

ε ω
c r) (12)
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which represents an attenuated wave if the imaginary part of
the square root of the dielectric function is positive. This leads
us to the definition of the absorption coefficient �:

α(ω) = 2
ω

c
Im

√
ε(ω) (13)

It is given in reciprocal centimeters, where its inverse value

Medium 1
N1

Ee

Et

Er

Medium 2
N2

0

z

x

ϕ ϕ

ψ

represents the penetration depth of light into matter. On the
contrary, the real part of �� affects the phase velocity of the Figure 4. Incident (e), transmitted (t), and reflected (r) beam at a
light. We define the dimensionless refractive index n via smooth interface. The z-axis is perpendicular to the interface.

n(ω) = Re
√

ε(ω) (14)

In accordance with Fig. 4, � is the incidence angle, and � that
As a result of the dispersion of �, both the refractive index of refraction. In the following, medium 1 will always mark the
and the absorption coefficient are frequency dependent. medium from where the light is incident. The transmission

The refractive index and the absorption coefficient are a and reflection coefficients are found to be polarization-depen-
pair of so-called optical constants (characteristic for a given dent, where the subscript p denotes parallel polarization (the
medium), that completely describe the process of wave propa- electric field vector is linearly polarized in the plane of inci-
gation within a homogeneous and isotropic medium. Alterna- dent beam and surface normal, which is the x–z plane in our
tively, often the complex refractive index N is defined description), while subscript s marks perpendicular polariza-

tion (electric field vector perpendicular to incident beam and
N(ω) = n(ω) + iK(ω) = √

ε(ω) (15) surface normal). In these terms, the transmission and reflec-
tion coefficients are given by Fresnel’s formulae (1):

Its real part describes the phase velocity of the wave (and
consequently the refraction), and its imaginary part (often:
extinction index) the attenuation.

The frequency dependence of the optical constants is
closely related to the frequency dependence of the correspond-
ing sample spectra. Generally, in optical spectra theory, there
exist two different tasks. The first one is the calculation of
spectra, when the optical constants and the system geometry
are known. This kind of calculation is called a forward search,
and in many situations this may be accomplished in terms of
explicit formulae. The second one is what we often have in

p–Polarization:

rp = N2 cos ϕ − N1 cos ψ

N2 cos ϕ + N1 cos ψ
; tp = 2N1 cos ϕ

N2 cos ϕ + N1 cos ψ

s–Polarization:

rs = N1 cos ϕ − N2 cos ψ

N1 cos ϕ + N2 cos ψ
; ts = 2N1 cos ϕ

N1 cos ϕ + N2 cos ψ

sinϕ

sinψ
= N2

N1

(17)

practice: The spectra are known (they have been measured),
The combination of Eq. (12) and Eq. (17) allows the calcula-and the optical constants have to be calculated. This so-called
tion of light propagation through homogeneous samples withreverse search is a much more complicated procedure, be-
smooth surfaces. As intensities are proportional to the squarecause usually no explicit formulae allow the calculation of op-
of the absolute values of the complex field amplitudes, thetical constants from the spectra. The typical way is to perform
transmittance, the reflectance, and the absorption become ac-forward calculations with different assumed sets of optical
cessible to calculations, if only the geometry of the sampleconstants, until one of the thus generated spectra fits the ex-
(and illumination geometry), and all optical constants areperimental one. In this sense the reverse search strategy
known. Thus, for example, one may calculate the transmis-bases on forward search calculations. It is therefore essential
sion and reflection spectra of a thick absorbing wafer (me-to start our further discussion with examples of spectra calcu-
dium 2) with parallel smooth surfaces, embedded in a nonab-lations. We will then describe a few basic experimental tech-
sorbing environment (medium 1), taking into account allniques before coming to the question of reverse search proce-
multiple internal reflections. In fact this is again the situationdures.
as shown in Fig. 2, and it allows an exact calculation of trans-
mittance and reflectance. As a result of summarizing the in-Interfaces
tensities of all internal waves, one obtains the expressions (9)

Up to now we have dealt with the description of a light wave
within a homogeneous and isotropic medium. As already sug-
gested from Fig. 2, the surfaces and interfaces of the sample
will however play an important role for transmission and re-
flection processes. The influence of an interface may be math-
ematically taken into account introducing electrical field
transmission and reflection coefficients according to (see Fig.

T = |t12|2|t21|2e−2 ω
c dIm

q
N2

2 −sin2 ϕ

1 − |r12|2|r21|2e−4 ω
c dIm

q
N2

2 −sin2 ϕ
;

R = |r12|2 + |t12|2|r21|2|t21|2e−4 ω
c dIm

q
N2

2 −sin2 ϕ

1 − |r12|2|r21|2e−4 ω
c dIm

q
N2

2 −sin2 ϕ

(18)

4)

Here, the r and t values are the Fresnel coefficients from Eq.
(17), and d is the thickness of the wafer. The subscripts ex-
plain the direction of the wave (thus t12 means that the wave

t = Et(z = 0)

Ee(z = 0)
; r = Er(z = 0)

Ee(z = 0)
(16)
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transmits the interface coming from medium 1 and entering
medium 2). The reflectance and transmittance are thus com-
pletely determined by the incidence angle, polarization, fre-
quency, sample thickness, and optical constants. Because (up
to now) in our assumptions scatter mechanisms have been
excluded (homogeneous media, smooth surfaces), the bulk ab-
sorption loss may simply be calculated from T and R using
Eq. (1) and neglecting S.

Equation (18) represent the simplest example of a forward
search procedure, where the sample’s properties (material,
geometry) are known, as well as all parameters of the (opti-
cal) input (polarization, frequency, amplitude, propagation di-
rection). From these data, the optical output (viz., transmit-
tance and reflectance) are calculated.

For illustration, Figs. 5 and 6 demonstrate a set of optical
constants as may be calculated from a multioscillator model,

T
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and the corresponding spectra obtained from Eq. (18) assum- Figure 6. Transmittance, reflectance, and absorption (normal inci-
ing normal incidence and a sample thickness of 0.1 mm. The dence) calculated for a 0.1 mm thick wafer according to Eq. (18). Opti-
dielectric function of the multioscillator model has been de- cal constants as shown in Fig. 5. This is an example for a forward
scribed by search procedure (spectra calculation). In such a sample, an absorp-

tion feature may clearly be identified from the transmission spec-
trum only.

ε(ω) = const. + 1
π

5∑
j=1

Jj

�
1

ω0 j − ω − iγ j
+ 1

ω0 j + ω + iγ j

�
(19)

MIR. Figure 5 shows the optical constants calculated via Eq.
(13) and Eq. (14) assuming Eq. (19) for the dielectric function.where the constant parameters J, �0, and � have been chosen
The normal incidence spectra according to Eq. (18) are shownto model five mutually overlapping absorption lines in the
in Fig. 6 and demonstrate that the assumed absorption struc-
ture may well be identified from the spectra.

The inclusion of scatter losses requires a refinement of our
expressions. The scatter losses may occur at the surfaces and
in the bulk. In many practically relevant cases, the surface
scatter losses are dominant, because the optical constant dis-
continuities are usually larger at the surface than in the bulk
inhomogeneities. However, for absorption losses we will as-
sume that the surface absorption losses are negligible com-
pared with the bulk losses. In experimental situations, where
surface and bulk loss contribution are of the same order of
magnitude, they may be separated from each other by investi-
gating samples with different thickness values.

The simplest way to consider surface scatter losses in the
equations for specular transmittance and reflectance is to
multiply the Fresnel-coefficients with a roughness-dependent
attenuation factor. For normal incidence, the corresponding
formulae are:

t12 → t12e− 1
2 [2π (n1−n2 ) σ

λ ]2 ;
r12 → r12e− 1

2 [4πn1
σ
λ ]2 ;

r21 → r21e− 1
2 [4πn2

σ
λ ]2

(20)

Here, � is the root mean square (rms) interface roughness.
Clearly, with increasing roughness, the specular reflectance
and transmittance are attenuated (and consequently, the
scatter loss increases). Please note that surface roughness
may decrease the specular reflectance down to zero, if the
wavelength is sufficiently small. This is in contrast to the ef-
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fects of bulk absorption, because the latter cannot depress the
Figure 5. The frequency dependence of the refractive index and the finite reflection signal from the first surface.
absorption coefficient are strongly correlated to each other. This fig-
ure shows the refractive index (upper graph) and the absorption coef- Measurements of Optical Loss
ficient (lower) for the special case of a multioscillator model (see text).

Today, transmission spectrophotometers belong to the stan-This model is frequently used to describe optical constants in the
presence of single absorption lines. dard equipment in many university and industrial labs. Typi-
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refractive indices), and the incidence angle satisfies the condi-
tion:

sinϕ ≥ n2

n1
(21)

This situation is called total reflection of light. If, however,

LS MC
CH Sample

SC

D AReference

1

2

3
1 2 3 4 5 6 7 8 9 10

1

2

3

the refractive index of the sample has a nonvanishing imagi-
Figure 7. Principal scheme of a double beam dispersive spectropho- nary part (lossy sample medium), then the reflectance de-
tometer; (LS) light source, (MC) monochromator, (CH) chopper, (SC) creases, and one speaks about attenuated total reflection. So
sample compartment, (D) detector, (A) amplifier. one can calculate the sample material extinction index simply

from the reflectance attenuation. In multiple reflection ar-
rangements, ATR is a sensitive tool to determine small ab-

cal spectrophotometers are either designed for the UV/VIS sorption losses (1).
region (UV/VIS spectrometer, which often work with spec- The physical reason for the total reflection attenuation is
trally dispersive monochromators as shown schematically in the following: Even in ideal total reflection conditions the sec-
Fig. 7) or for the MIR (so-called IR spectrometers). IR spec- ond medium is penetrated by a surface wave, which travels
trometers are produced today to an increasing extent as along the interface and damps quickly into the depth of the
Fourier transform spectrometers. This has led to the abbrevi- sample. In the geometry of Fig. 4, its electric field is propor-
ation FTIR (Fourier transform infrared). tional to the wave function:

These spectrometers do not contain monochromators. In-
stead, a built-in interferometer (often of Michelson type) re-
cords the interferogram of the polychromatic light coming e−i(ωt− ω

c n1x sin ϕ)e− ω
c

q
n2

1 sin2 ϕ−n2
2z (22)

from the sample or a reference. From the intensity distribu-
tion in the interferogram, the spectrum of the incoming light If the sample medium is lossy, then this surface wave needs

to be permanently fed by the incident light, which leads tomay be calculated by means of a fast Fourier transformation
(FFT) procedure. Thus, the output represents the same type the detectable reflection attenuation.

Clearly, in any real situation, from the knowledge of twoof spectra (for example, transmittance) as supplied by a dis-
persive spectrophotometer. An important advantage of the data (T and R) only the full optical loss may be determined.

A discrimination between absorption and scatter losses isFTIR technique is the much faster spectra registration.
The NIR region is usually accessible in so-called UV/VIS/ then impossible without additional model assumptions on the

nature of the sample and their realization in refined mathe-NIR-dispersive spectrometers, or as an optional upgrading of
FTIR spectrometers. The latter type of spectrometer also matical spectra fitting procedures. An indication of surface

scatter at the first sample surface may be drawn from theallows upgrading for FIR measurements.
In its standard version, a transmission spectrometer per- specular reflectance: If the first surface is rough, the specular

reflectance gradually decreases down to zero with increasingforms measurements of the transmittance with an absolute
measurement error of approximately 0.002 to 0.01, depending frequency, in agreement with Eq. (20).

Another principal problem occurs in connection with theon the quality of the spectrometer and the wavelength range.
Usually, a suitable specular reflectance attachment is option- measurement of small loss values. As T and R are measured

with a finite accuracy, the measurement of small losses (typi-ally available, so that T and R may be measured. From that,
the optical loss may be calculated from Eq. (1) for the relevant cally below 0.01) becomes impossible by this method. This is

simply a consequence of the high under-ground signal, pro-light incidence geometry.
Particularly, one may design measurement situations vided by the transmittance and the reflectance spectra. In

such cases, one should directly measure the optical loss, andwhere the transmittance completely vanishes. Examples are
provided by IRAS (infrared reflection absorption spectroscopy) not conclude on it from T and R measurements (6,10).

Occasionally, corresponding attachments may also be com-and ATR (attenuated total reflection). The first one has been
developed to investigate the optical loss of thin adsorbate lay- bined with the previously mentioned spectrophotometers.

Backscattering losses (back into medium 1) and forward scat-ers on metal substrates. As the metal substrate does not
transmit light, the optical loss may be directly determined ter can be measured in so-called integrating sphere attach-

ments, where the diffusely scattered light is collected andfrom the reflectance via Eq. (1). It may be shown from a de-
tailed analysis of Fresnel’s formula that the best sensitivity brought to the detector. Thus, a scatter signal integrated over

all scattering angles is measured, and this signal is commonlyfor adsorbate absorption loss detection demands the applica-
tion of grazing incidence light with linear parallel polariza- called total integrated scatter (TIS). These spheres are com-

mercially provided for the NIR/VIS/UV spectral regionstion. Usually, the incidence angle is 85� or larger. The method
is based on the specific behavior of the IR optical constants (coated with BaSO4 or Spectralon) or for the MIR (coated with

Infragold). From the viewpoint of their size, these spheresof metals, therefore its application is restricted to the IR, as
indicated by its name. reach from minispheres (a few centimeters in diameter) up to

devices with more than one meter in diameter. As alreadyAlthough the ATR method works in larger spectral regions,
it assumes that the sample has a lower refractive index than mentioned, scatter losses may principally originate from the

volume and the surfaces of the sample. In the case that thethe medium from where the light is incident. As a special
conclusion from Fresnel’s coefficients, the reflectance becomes scatter loss originates only from one surface with a surface

roughness �, the latter may be determined from a measure-1 when both media 1 and 2 are nonabsorbing (purely real
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ment of the diffuse backscatter loss and the specular re- determined. Additionally, complementation of geometrical in-
formation (e.g., sample thickness) may be required.flectance. For small scatter losses, we obtain from Eq. (20):

It is often impossible to obtain explicit expressions for the
optical constants as a function of the measured data [see, e.g.,
Eq. (18)]. This makes the numerical side of the reverse searchσ = λ

4πn1

�
S(back into medium 1)

R
(23)

more complicated than the forward search, because it may be
necessary to apply involved iteration procedures to find theThe accurate measurement of absorption losses is based on
result. As a further complication, unambiguity and numericalthe idea that the energy absorbed in the sample must either
stability of the result may not be guaranteed.leave the sample (with a certain time delay) or enhance its

From the formal point of view, the reverse search proce-temperature. In other words: The absorbed energy portion
dures may be classified into single wavelength methods andwill participate in relaxation processes, and this is our chance
multiwavelength methods (11). The latter include the Kra-to detect it. In order to detect very small absorption losses,
mers–Kronig methods as well as curve-fitting techniques. Of-absorption measurements are often accomplished with high
ten, the reverse search bases on the numerical minimizationincident light intensities, reliably supplied from laser sources.
of an appropriately defined error function F, for example:The nature of the sample and its environmental conditions

(e.g., temperature) will determine which of the relaxation
channels works most rapidly. If radiative relaxation is fast
enough, the fluorescence intensity allows us to conclude on
the previously absorbed energy, and thus to determine the

F =
M∑

i=1

Z∑
j=1

wi(ω j )[�i,theor.(N(ω j ), ω j, . . .)− �i,measurement(ω j )]
2g

(24)
absorption. This is what is done by the fluorescence method.
If nonradiative relaxation is faster, then the absorbed energy Here, M is the number of available experimental spectra
will finally lead to sample heating. As the temperature in- �i,measurement, each containing Z values recorded at the angular
crease may be conveniently measured, the absorption of the frequency values �j. g is an integer, often g � 1. The �i,theor.
sample may be determined. Thus we have calorimetric meth- values represent theoretical expressions for the spectra, they
ods of absorption measurements. Other absorption measure- are dependent on the concrete physical model chosen to de-
ment techniques make use of the sample heating without di- scribe the system. As examples, the expressions in Eq. (18)
rect temperature measurements. Thus, the optoacoustical may be used, if a wafer with plane boundaries is investigated.
measurements detect the sound wave generated in a medium The weighting functions wi are usually inversely proportional
as a result of the absorption of pulsed light due to thermal to the corresponding measurement error at a power 2g.
expansion. Further methods detect the deformation of the The numerical minimization of Eq. (24) represents a
sample surface, caused by thermal expansion due to light ab- purely mathematical problem, and the corresponding skills
sorption. This deformation may be optically detected by the will not be discussed here. In the ideal case, a set of optical
angular deflection of a weak probe beam. The corresponding constants may be found which generates theoretical spectra
method is called photothermal deflection spectroscopy (PDS). equal to those measured, so that F becomes zero. In practice
Alternatively, the thermal expansion of the embedding me- this is impossible, and it makes no sense to minimize the er-
dium surrounding the sample surface may be detected ror function Eq. (24) below a threshold value determined by
through its refractive index change. If the probe beam is of the measurement accuracy ��. Thus, we may regard that the
grazing incidence, the refractive index gradient in the vicinity minimization was successful when the condition:
of the heated surface leads to an angular deflection of the
probe beam, which may be detected.

F <

M∑
i=1

Z∑
j=1

wi(ω j )[��i,measurement(ω j )]
2g (25)

SELECTED PROBLEMS OF OPTICAL CHARACTERIZATION

is fulfilled. As several sets of optical constants may fulfill Eq.
Reverse Search Procedures (25), we may obtain a multiplicity of mathematically accept-

able solutions, from which the physically meaningful has toIn many cases, one is not only interested in a measurement
be selected. Especially in thin film optics, the discussion ofof the optical loss, but in a more complete investigation of the
the solution multiplicity may be a troublesome procedure.optical properties of a sample and, in particular, of the optical

If one has no idea on the mutual correlation of the opticalproperties of the sample material. The latter are hidden in its
constants at different frequencies, one may straightforwardlyoptical constants, so that the task may be to determine the
apply the minimum condition of Eq. (24):optical constants of a medium from measured experimental

spectra. In the simplest case this may be measurements of
the transmittance and/or the reflectance. In other cases ellip- gradNF = �0 (26)
sometric data are to be discussed. The general philosophy,

which reduces to a set of Z equation systems:however, does not depend on whether photometric or ellipso-
metric data or a combination of them are available.

As exemplified in the previous sections, it is possible to �i,theor.(N(ω j ), ω j, . . .) − �i,measurement(ω j ) = 0 (27)

provide explicit expressions for the spectra of any sample if
geometry and optical constants are known. A more compli- in the case that no analytical dependence of the optical con-

stants at different frequencies is assumed. These systems ofcated problem is the so-called reverse search procedure, where
the spectra and more or less complete data on the geometry equations may be solved numerically at each frequency of in-

terest, which would be a typical single wavelength procedure.are given, and the optical constants of the medium are to be
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As a disadvantage, it often suffers from a multiplicity of solu-
tions, especially in thin film systems.

There exist several methods to reduce the solutions multi-
plicity. First of all, a sufficient number of independent mea-
surements or their clever choice may reduce the solutions’
multipicity, however, it demands the access to the corre-
sponding measurement equipment. Occasionally, photometric
spectra (e.g., transmittance) are included into Eq. (24) to-
gether with ellipsometric data.

However, it is often impossible to increase the number of
measurements because of a lack of equipment. One further
way to reduce a possible solution multiplicity is given by the
application of curve fitting procedures. In this case, one postu-
lates an analytical dispersion law in the form:

N(ω) = f (ω, p1, p2, . . .) (28)
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where the p-values represent a set of parameters. As an ex- Figure 8. Normal incidence spectra of a 10 �m thick foil, considering
the optical constants from Fig. 5 and thin film interferences, as calcu-ample, one may use the Cauchy formula:
lated by Eq. (31). The sinusoidal structures in the transmittance pre-
vent a simple identification of absorption lines. Taking the reflectancen(ω) = p1 + p2ω

2 + p3ω
4 + . . . (29)

into account, the absorption may be calculated via Eq. (1), which
leads to a more reliable identification of the absorption structure fromor other well-known approaches, for instance as given by Eq.
Fig. 5.

(19). Then the minimization of F embodies the determination
of the p-values, so that as the result we have a formula which
defines the (complex) refractive index as a function of fre-

this case, the intensity addition as mentioned in connectionquency.
with Eq. (18) becomes incorrect, and must be replaced by theThe curve fitting procedures are widely applied today, how-
addition of the complex field strength values which containever, their successful application demands the reliable choice
information on both the amplitude and the relative phase ofof a suitable dispersion law as in Eq. (28). One of their advan-
the light. This leads to quite involved mathematical expres-tages is that they may find application in quite restricted
sions, which will not be presented here—the reader is there-spectral regions.
fore referred to the literature (12,13,14). The most significantA more general approach is based on the application of the
feature of thin film optics is the appearance of interferenceKramers–Kronig formulae, which may be written as
pattern in the spectra.

The origin of the interference pattern may be explained in
terms of the wave picture of electromagnetic irradiation. If
the coherence length of the light is large enough, then the
waves reflected from the first and second (or further) inter-

Re ε(ω) = 1 + 2
π

∫ ∞

0

ξImε(ξ )

ξ 2 − ω2 dξ

Im ε(ω) = −2ω

π

∫ ∞

0

[Re ε(ξ ) − 1]
ξ 2 − ω2 dξ + σstat

ε0ω

(30)

faces may constructively or destructively interfere with each
other, depending on the light wavelength. This will finally

where �stat is the static electric conductivity of the material lead to characteristic periodic structures in the spectra, as
investigated. Equation (30) defines a relation between the fre- demonstrated below.
quency response of the real and imaginary parts of the dielec- As illustration Fig. 8 shows the normal incidence transmit-
tric function. These follow directly from the fundamental re- tance, reflectance, and absorption calculated for a 10 microm-
quirement that the interaction of light with matter must be eter thick free-standing foil with the same optical constants
consistent with the causality principle. Therefore, if any set as shown in Fig. 5. In contrast to Fig. 6, the calculation has
of optical constants determined by minimizing Eq. (24) is not not been performed by Eq. (18) but by the corresponding thin
Kramers–Kronig consistent, it is physically meaningless and film formulae, which should be written in the present case as
may be excluded.

Equation (30) forms the basis of the Kramers–Kronig
methods for determining optical constants. Today, a Kram-
ers–Kronig analysis is often incorporated in modern spectro-
photometer operating software. Its only disadvantage is that

T =
∣∣∣∣ t12t21eiβ

1 + r12r21e2iβ

∣∣∣∣
2

; R =
∣∣∣∣ r12 + r21e2iβ

1 + r12r21e2iβ

∣∣∣∣
2

;

β = 2πvd
�

N2
2 − sin2

ϕ;
(31)

the integration is accomplished in an infinitively large fre-
quency region, which is not accessible in practice, so that one

Here, d has to be regarded as the film thickness. Equationhas to apply extrapolation procedures.
(31) is more general than Eq. (18); the latter will be obtained
when Eq. (31) is averaged over the real part of � (averaged

Remarks on Thin Film Spectroscopy
over the phase). The main difference to Fig. 6 is the appear-
ance of sinusoidal structures in transmittance and reflectanceA further complication of the sample’s optical description ap-

pears when the sample thickness becomes smaller than the spectra, caused by interferences between the two boundaries
of the foil. Obviously, a direct identification of the assumedcoherence length of the light interacting with the sample. In
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absorption structure is problematic when only the transmit- Let us start with the case of a crystal. Imagine an electro-
tance is known. However, if the reflectance is also available, magnetic wave (the so-called excitation line, in most cases
the absorption may be calculated via (1) neglecting scattering, generated by a laser) traveling through the medium. The in-
and the obtained absorption shows the characteristic features teraction of the light wave with the phonon modes in the crys-
assumed in the absorption coefficient. tal may lead to inelastic scattering of the light wave, resulting

Besides spectrophotometry, variable angle spectroscopic el- in the generation or annihilation of phonons. The latter may
lipsometry (VASE) has become a powerful tool for optical in- be detected through the appearance of new lines in the spec-
vestigation of thin film systems today, especially if it is com- trum, which are red-shifted (Stokes lines, corresponding to
bined with transmission spectroscopy. phonon generation) or blue-shifted (Antistokes lines, corre-

The appearance of an interference pattern in thin film sponding to phonon annihilation) with respect to the initial
spectra offers the possibility of a simple optical film thickness laser frequency (the excitation frequency �exc.). The intensity
determination for single film systems, avoiding the minimiza- ratio between Stokes and Antistokes lines is temperature de-
tion of Eq. (24). Indeed, if we know the wavenumbers v1 and pendent because of the different thermal population of the
v2 of two neighboring interference extrema (e.g., in the re- phonon states in equilibrium conditions. Depending on the
flectance shown in Fig. 8), from Eq. (31) it follows immedi- type of phonons which scatter the excitation line, one speaks
ately that the thickness may be calculated using about Raman scattering (optical phonon modes) or Brillouin

scattering (acoustical phonon modes). We will focus on the
Raman case.

The frequency of the scattered light is given by
|v1 − v2| = 1

4d
�

n2 − sin2
ϕ

(32)

ωRaman = ωexc. ± mωPhonon (33)
in the case that the refractive index is almost real. The refrac-
tive index may be determined from the reflectance values

where �Raman is the frequency of the scattered light and �Phononachieved in the extrema values of the interference pattern.
is that of the phonons, and m is the order of the RamanOptical nondestructive thickness determination is of great
process.practical importance, for example for in situ thickness moni-

Thus, Raman scattering processes give information abouttoring of thin solid films during thin film deposition proce-
the vibrational eigen frequencies of a given material. In Ra-dures. More details are given in the literature.
man spectroscopy, the Raman lines are resolved and used toConcluding this section, we mention the possibility of com-
determine the vibrational eigen frequencies. Due to thebining the reflection spectroscopy (in both photometric and
higher line intensity, this is usually performed in the Stokesellipsometric versions) with the excitation of so-called propa-
region. In contrast to infrared absorption spectroscopy, in Ra-gating surface plasmon-polaritons (15). In this case, a surface
man spectroscopy the information is up-converted into an-plasmon is optically excited at a metal surface (for example

silver), usually by application of so-called grating or prism other spectral range (usually into the visible), as seen from
couplers. The high local electric field of the plasmon polariton Eq. (33). Moreover, the Raman selection rules differ from
may interact with a thin dielectric film or adsorbate located those of infrared absorption, so that for certain classes of ma-
near the metal surface. On this basis, surface sensitive spec- terials infrared spectroscopy and Raman spectroscopy are
troscopy methods have been developed to investigate the complementary. Equipped with triple monochromators and
properties of the thin film or the adsorbate. They include lin- microscopes, so-called micro-Raman spectrometers combine
ear spectroscopy (reflectance, ellipsometry, luminescence, Ra- the advantages of both high frequency and high spatial reso-
man scattering), as well as nonlinear spectroscopy, which lutions and represent thus a powerful tool in optical probe
needs high electric fields to be efficient in output. techniques.

As a consequence of momentum conservation in crystals, a
first-order Raman spectrum (m � 1) can only contain the re-Examples of Linear Laser Spectroscopy
sponse of zone-center phonons. This selection rule breaks

As already mentioned, the measurement of small losses is of- down in disordered materials.
ten performed with lasers as light sources, due to the high
intensity of their irradiation. The purpose of this section is to

Laser Calorimetry. We finish our discussion of optical mate-discuss selected versions of linear laser spectroscopy, which
rials characterization with a widely used absorption tech-are frequently used in material sciences; namely, Raman
nique. As already mentioned, in the absence of fast radiativespectroscopy and laser calorimetry.
relaxation channels, the light absorption of a sample leads
to sample heating, which may be measured. To detect smallRaman Spectroscopy. Scatter losses may be subdivided into
absorption losses, a laser beam is directed on the sample,elastic and inelastic scatter losses. For elastic scatter losses,
which leads to a sample temperature increase according tothe frequency of the scattered light is identical with that of

the impinging one. Rayleigh and Mie scattering belong to
elastic scattering processes. On the contrary, inelastically PA = C

�Ts

�t
(34)

scattered light exhibits frequency shifts with respect to the
incoming one, and the value of the frequency shift is charac-

where PA is the absorbed power, t is time, C is the sampleteristic for the material illuminated. Therefore, inelastic scat-
heat capacity, and Ts the sample temperature (do not confusetering processes may be used to characterize (or even identify)

materials as well as absorption techniques. with the transmittance). An instantaneous measurement of
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the transmitted (PT) and reflected (PR) powers leads to the
absorptance via

A = PA

PA + PT + PR
, (35)

when scatter losses are negligible. In practice, all the power
values are averaged over the light exposure time. Having de-
termined the sample absorptance, the absorption coefficient
may principally be calculated performing a reverse search
[minimization of Eq. (24)]. For simple geometries (uncoated
wafer as in Fig. 2, normal light incidence), the absorption co-
efficient may be estimated via

α ≈ A
d

(36)

where d is the wafer thickness. As laser calorimetry provides
a direct absorptance measurement, it allows one to record ab-
sorption values many orders of magnitude below that which
may be achieved by means of spectrophotometry.
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