Chapter 5

Optical Characterization of Thin Films
by Means of Imaging Spectroscopic
Reflectometry

Miloslav Ohlidal, Ji¥i Vodak and David Necas

Abstract This chapter focuses on optical characterization of thin films by means
of non-microscopic imaging spectroscopic reflectometry. This technique is primar-
ily intended for characterization of thin films with an area non-uniformity in their
optical properties. An advantage of the technique is the possibility to measure along
a relatively large area of the measured films. The motivation for development and
exploitation of this technique is also discussed. Essential features and implementa-
tion of the technique are given, as well as the basic experimental set-up of imaging
spectroscopic reflectometers and the way the experimental data are obtained. The
data processing methods are classified based on the purpose of the thin film mea-
surement. Furthermore, this chapter presents examples of results of imaging spec-
troscopic reflectometry in the field of thin films. At the end of the chapter, potential
applications of imaging spectroscopic reflectometry in other tasks are also briefly
mentioned.
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5.1 Introduction

The production of thin films and thin film systems, which possess novel and sophis-
ticated properties desirable in optical applications, requires increasingly advanced
techniques measuring these properties. In the following paragraphs, we will present
one of such techniques, the imaging spectroscopic reflectometry (ISR) technique.
We will describe the essential features and possibilities of the technique and also
its implementation. We will classify the ISR methods and also we will demonstrate
selected results achieved by means of them in the field of thin film optical characteri-
zation. It should be noted that we will differentiate between the concepts ‘technique’
and ‘method’ in the following text. We will use the expression ‘technique’ when
referring to the way of obtaining experimental data. The expression ‘method’ will
be used when describing the determination of thin film optical characteristics from
aforementioned experimental data. The ISR technique and the ISR methods are parts
of a whole, which we call simply as ‘ISR’.

5.2 Motivation for Development and Exploitation
of Imaging Spectroscopic Reflectometry

The aim of any manufacturer of thin films for optical applications is to produce ideal
thin films fulfilling specific requirements in their optical properties. Unfortunately,
thin films produced under real conditions often exhibit various defects influencing
those properties. Ignoring the existence of these defects can lead to significantly
distorted or even incorrect values of the optical parameters of these films. This issue
is addressed in Chap. 10.

One of the defects mentioned above is the area non-uniformity in the optical
properties of a thin film. From the point of view of thin film optics we use the term
non-uniformity of thin films, if their optical properties, and therefore, their optical
parameters (thickness and optical constants), vary along the area of the films. The
most frequent type of this defect, which we can encounter in practice, is the non-
uniformity in thin film thickness. Even when the thin film is non-uniform only in
thickness, well established (non-imaging) optical techniques, such as conventional
ellipsometric and conventional spectrophotometric techniques [1-3] can fail as long
as the thickness non-uniformity is of a general type.

This is caused by the fact that the diameter of the illuminating light beam in com-
mercial spectrophotometers and ellipsometers used in optical analysis of thin films
is relatively large (usually in the order of mm? up to tens of mm? depending on the
angle of light beam incidence). Consequently, local film thickness variations within
an illuminated spot on the surface of the film lead to averaging in the parameters
of the film. On the other hand, the measurement of optical properties of thin films
using conventional techniques is a local measurement. Therefore, the general non-
uniformity in the film thickness cannot be assessed in this way. For this purpose, it
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is necessary to scan the studied area of the film, which is time consuming. Another
case, in which it is difficult to expect the correct result using a conventional tech-
nique, is the characterization of coating of objects with lateral dimensions smaller
than the diameter of the illuminating beam. In the field of spectrophotometry several
authors [4-8] solved the problem of thin film thickness non-uniformity with the aim
to obtain more correct values of film optical parameters from output experimental
data provided by conventional spectrophotometers. They assumed that the film non-
uniformity in thickness was of a special shape, namely the shape of a wedge. They
also assumed that the sample is illuminated by the light beam of a rectangular cross
section two sides of which are oriented parallel with the thickness gradient. Unfortu-
nately, the formulae used by them are not applicable in the case of general thickness
non-uniformity.

In [9] the reflectance of thin films which are non-uniform in thickness was
expressed by means of an integral over the distribution density of the film thick-
ness. This approach to solving the problem of film non-uniformity in thickness is the
most general yet. But also this approach does not provide a distribution (map) of the
thin film local thickness.

This map can be acquired by scanning an interesting region of the investigated
film by means of an illuminating light beam of a reduced diameter (requested spatial
resolution of the map is given by a size of the illuminating spot on the film surface).
A studied sample is illuminated by a white light beam, the reflected light is gathered
from a small sample area by a fiber and then analyzed by an optical spectrum analyzer
[10-13]. The scanning is performed either by a 2D movement of a sample holder
relative to the immobile fiber or a 2D movement of the fiber relative to the immobile
sample. The technique is very time consuming in the case when the investigated film
region is large and/or the requested spatial resolution of the measurement is high. It
is the significant drawback of the technique.

Several works also took into account the influence of the thin film thickness non-
uniformity during evaluation of measurements of thin film optical parameters by
means of conventional ellipsometers [14—16].

Again, the approaches presented there do not provide a map of local thin film
thickness. It is, therefore, needed to extend the conventional spectrophotometry and
ellipsometry to their imaging versions which add a spatial resolution on a sample
to the conventional techniques without a necessity of scanning the sample, and thus
open up new ways for characterization the optical properties of thin films that vary
along the surface of these films. Such imaging techniques are developed particularly
in the last decade.

The often utilized technique in the aforementioned problem has been the imag-
ing ellipsometry. We do not deal with this technique in this book, but the relevant
information concerning it can be found elsewhere, e.g. [17-25].

We only mention that this technique has certain drawbacks which cause the fact
that imaging ellipsometry to have about the same sensitivity as conventional, i.e.
non-imaging ellipsometry technique, but lower trueness of results (when data are
not repaired). The imaging ellipsometers utilize an imaging system which creates
an image of the studied sample mostly on a chip of a CCD camera. That imaging
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system is mostly constructed as a microscopic one. This brings a substantial benefit
of the spatial resolution on a studied sample, but also leads to certain shortcomings
of this imaging technique. The reason of them is that parameters of imaging are not
ideal: the angle of incidence is varying in a range given by the numerical aperture of
an imaging lens; the numerical aperture must be high to achieve a sufficient spatial
resolution; the measurement is averaged over a range of angles circumscribed by this
aperture (this problem can be eliminated by a certain correction, which is however not
simple); as a result of the possible oblique incidence of the illuminating light beam
a sample image is deformed and it is also necessary during the data pre-processing
to carry out fusion of images caused by insufficient depth of field of view of the
imaging system; the material from which the elements of the imaging system are
made defines the spectral range that can be used.

Furthermore, the upgrading the conventional techniques to their imaging versions
also increases complexity of the corresponding measurement systems, and, conse-
quently, their price. It is, therefore, desirable to find such an imaging technique that
overcomes some of these shortcomings. Such a technique is the non-microscopic
imaging spectroscopic reflectometry at normal incidence of light, which utilizes the
image of the whole sample. In the following paragraphs we will focus on this tech-
nique and we will refer to it as the ISR technique.

Therefore, we will deal neither with the scanning reflectometry techniques [10,
12, 13, 26, 27] nor the microscopic imaging reflectometry [28].

The ISR technique is being developed since the end of 1990s. It has been used
and its applicability has been confirmed in many cases [11, 29—41]. It was proven
that the ISR technique is a powerful tool for optical characterization of thin films
non-uniform in thickness.

5.3 Brief Specification of Non-microscopic Imaging
Spectroscopic Reflectometry at Normal Incidence
of Light

ISR is specifically intended for characterization of the optical properties of non-
uniform thin films. Of course, ISR can also be used to inspect the thin film uniformity.
The most general aim of ISR is to obtain maps of local parameters describing the area
optical non-uniformity of thin films. However, the most common practical application
of ISR is a precise mapping of the thin film thickness and determination of spectral
dependence of the optical constants of the film. Regarding its wider aims, ISR can
also determine the parameters of the dispersion model used, such as the band gap of a
thin film material, the maximum energy limit of the relevant electron transitions, or a
parameter proportional to the concentration of electrons participating in the relevant
transitions. In some cases, it also can provide maps of the RMS parameter of the
upper film boundary roughness.
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Fig. 5.1 An example of a A e
sample studied by means of
ISR .
ne=1 air
huv H AUV = n Y + ik non - uniform film

The general situation for a non-uniform thin film is shown in Fig.5.1. The non-
uniform weakly absorbing thin film with thickness and optical constants varying
along the area of the film is deposited on an absorbing substrate. A collimated
monochromatic light beam impinges perpendicularly on the film from the air. The
selected wavelength A of the beam can vary in a sufficiently wide spectral inter-
val. The response of the whole system on the incident light is given by the local
thickness 2" and the local refractive index 7}"" = n|"'+ik]"" of the film (n}"" is the
real local refractive index, k'f’v is the local extinction coefficient) and the refractive
index of the substrate %" = n*’+ik"" (we will assume that the absorption of the
substrate is so high and/or the substrate is so thick that its lower boundary does not
influence the result). The word ‘local’ means that these local optical parameters of
the film characterize the optical properties of the film in a small part of its area and
may differ from optical parameters in other areas. These areas form a continuous
matrix covering the whole area of the studied film and are labeled with indices u
and v. The measured quantity is the local reflectance of the film in a wide spectral
range (NUV, VIS and NIR). In the following text, electromagnetic radiation from
this interval will simply be called light. From the perspective of optics, thin films
are defined as films in which light is undergoing interference. Since we are dealing
with such films, the local reflectance is given by the interference of the light between
the film boundaries. This simultaneously implies that the ISR technique can be only
applied to non-absorbing or weakly absorbing thin films. When a collimated beam of
monochromatic light illuminates a thin film perpendicularly, the interference fringes
viewed with an imaging system focused on the film are fringes of equal thickness
and they are localized within the film [42].

All instruments applied for the ISR technique utilize an imaging system creating
an image of the studied sample which is most often recorded by a CCD camera. This
imaging system must be focused on the studied film. It is just the imaging process
that assigns each (u, v)™ pixel of the CCD camera to the corresponding (u, v)" small
area of the sample surface. The size of these areas should be small enough so that it
is possible to consider that the film is uniform within each of these areas.! Then the
local reflectance of the small (u, v)™ area of the system in Fig. 5.1 corresponding to
the (u, v)™ pixel of the CCD camera is given by the following expression:

"When the gradient of thickness non-uniformity is so high (e.g. edges of thin films) that the film
cannot be considered uniform within those areas, it is possible to perform correction leading to the
correct results.
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Fig. 5.2 The ensemble of
monochromatic images of
the studied thin film. This
ensemble allows to obtain the
map of spectral dependence
of the film local reflectance
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In the equation above, 1" is the intensity of light reflected by the (u, v)" area of the
film, I}V is the intensity of light incident on the (u, V)M area of the film and 7" is
the local reflection coefficient. This coefficient at normal incidence is expressed as
follows:
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where 7"" and 75" are local Fresnel reflection coefficients on the upper and lower
boundary, respectively. The symbol X“ denotes the local phase-shift angle.
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The ability to measure the local reflectance R*” in each (u, v)™ area of the film
brings a spatial resolution compared with the conventional non-imaging reflectome-
try, without the need for scanning the sample. Changing the wavelength of incident
light between the acquiring the successive monochromatic images we can obtain a
relatively large ensemble of these images of the film, and in this manner also the map
of spectral dependence of local reflectance (see Fig.5.2).

5.4 Experimental Set Up of ISR Technique

The experimental set up of the ISR technique is simple. Its principal scheme is shown
in Fig.5.3.

A white light source illuminates the input of a monochromator, the monochromatic
light beam with a computer-controlled wavelength emerging from the output of the
monochromator is split by a beamsplitter. A part of this beam illuminates the studied
sample perpendicularly and, after being reflected from the sample, it goes back
through the imaging system which creates an image of the sample on the chip of a
CCD camera.
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Fig. 5.3 Basic scheme of Light source
ISR technique )
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The normal incidence of a collimated monochromatic light beam on a studied
sample brings some benefits. Specifically, we get information from the whole sample
surface at once (i.e. without scanning the surface), the interference fringes carrying
the necessary information are exactly imaged by means of the imaging system on the
CCD camera chip and formulae used for evaluation of required optical parameters are
simpler. The disadvantage is that a beamsplitter must be used. The imaging system
defines the applicable spectral range. It is better to base this system on reflection
optics which works well also in the UV spectral region where the optical properties
of thin films are manifested more prominently. The CCD camera must have a good
spectral sensitivity within the spectral range, in which the sample is studied. Together
with the imaging system, it defines the spatial resolution on a sample. The ISR
technique is designed as a relative technique, i.e. the measurement of the studied
sample is compared with the measurement of a reference (known) sample under the
same conditions. In this way, a possible non-uniformity in the sample illumination is
eliminated. Of course, it is necessary to ensure the identical position of the studied
and the reference samples. This can be done by means of an appropriate sample
holder.

5.5 Imaging Spectroscopic Reflectometers
The concrete implementation of the basic scheme of the ISR technique can be demon-
strated by two examples verified in practice.
5.5.1 Imaging Spectroscopic Reflectometer with Wide
Spectral Range

The spectral range in which the local reflectance of the studied film is measured must
be wide enough, in order to get the information needed for reliable evaluation of the
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Fig. 5.4 a Computer-rendered 3D view of ISRWS (external parts of the whole set up of ISRWS,
i.e. the xenon lamp, the monochromator and the control computer are not presented). b The three
parts of ISRWS experimental set up: The first, illuminating part is a XeUV arc lamp Xe, which
is connected to the second part (a monochromator M) by a fiber, a fiber coupler FC and a filter F.
The third part (the measuring system) consists of a collimator C, a set of silica wedges BS|_4, an
auxiliary mirror AM, a sample holder SH, an imaging mirror IM and a CCD camera CCD. The
reference channel of the measuring system consists of a secondary reference channel sample RS
and a small part of the CCD chip — 2CCD. Everything is controlled by a personal computer — PC

optical parameters. In this context, using imaging systems with refractive optical
elements brings issues caused by the dispersion of light in these elements. Further-
more, refractive optical elements manufactured from common optical materials do
not work in the UV spectral region in which the optical properties of thin films mani-
fest themselves more prominently. These issues can be effectively resolved by using
an imaging system with reflective optical elements. Then, only dispersion of lightin a
beamsplitter must be tackled. An example of a non-microscopic spectroscopic imag-
ing reflectometer with wide spectral range (ISRWS) which uses such an approach is
shown in Fig. 5.4a (computer-rendered 3D view), its scheme is in Fig.5.4b.

The complete ISRWS system is divided into three distinctive parts connected
using optical cables. Although the use of optical cables reduces the overall light
throughput on the other hand it allows higher flexibility of the system set up. The three
parts of the ISRWS system are: A light source (a UV capable xenon arc lamp Xe),
a monochromator M (a commercially available computer controlled Czerny-Turner
type monochromator) and an original measuring system itself. The measuring system
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consists of a collimator (a single off-axis parabolic mirror C), a sample holder SH,
a set of fused silica wedges BS;—BS, (some used also as beamsplitters), a spherical
imaging mirror IM and a UV-VIS CCD camera. The monochromator with the xenon
lamp connected serves as a source of monochromatic light for the measuring system
and thanks to the use of fiber optics it can be easily used as a source for other
devices as well. In the measuring system the divergent monochromatic light beam
is collimated by the collimator and then it is directed at the measured sample using
the first fused silica wedge (functioning as a beamsplitter in a way described in Sect.
5.4). In this way a normal incidence of light on the sample can be achieved. Light
reflected from the measured sample is then directed through all four silica wedges.
The first one serves as the aforementioned beamsplitter, while the others are used to
eliminate secondary reflections from the main light path. The fourth wedge is also
used as a beamsplitter to allow in-axis imaging by the imaging mirror located behind
all the silica wedges. The image created by the optical system is then recorded by
the chip of the CCD camera. Light, which initially passes through the BS; is not
used for imaging of the measured sample. In fact, it contributes to the losses of light
intensity. But it can be exploited in a reference channel to measure and subsequently
eliminate possible fluctuations of the source light intensity. This is realized using a
secondary reference sample which is imaged on the CCD camera chip at the same
time as the measured sample (there is a specifically reserved part of the CCD chip
for this purpose). The principle of this idea is that the secondary reference sample is
never replaced or moved between a series of sample measurements so it is possible
to observe intensity changes of the source light. The ISRWS is capable of measuring
samples of maximum size about 20 mm x 20 mm while maintaining spatial resolution
of 91p/mm.

The spectral range spans from 270 to 1000nm (1.2-4.6eV). The duration of a
measurement of a single sample measurement is typically 30 min (not including
the measurement of a reference sample and the background, which need not to be
measured every time).

5.5.2 Imaging Spectroscopic Reflectometer with Enhanced
Spatial Resolution

An example of a very simple instrument allowing an implementation of the ISR
technique is the imaging spectroscopic reflectometer with enhanced spatial resolution
on a sample (ISRER).

The ISRER was designed as a low cost, simple instrument for optical characteri-
zation of thin films with high gradients of non-uniformity. Its computer-rendered 3D
view is shown in Fig. 5.5a and its basic scheme is in Fig. 5.5b.
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Fig. 5.5 a Computer-rendered 3D view of the ISRER (external parts of the whole set up of the
ISRER, i.e. a xenon lamp, a monochromator and a control computer are not presented). b Basic
scheme of the complete ISRER. A xenon UV arc lamp Xe is connected to a monochromator M
by a fiber, a fiber coupler FC and a filter F. Measuring system itself consists of a collimatorC, a
membrane (pellicle) beamsplitter PB, two auxiliary mirrors AM| _;, a sample holder SH, an imaging
mirror IM and a CCD camera CCD. The reference channel is realized by a secondary reference
sample 2RS and a small part of the CCD chip (?CCD). The whole system is controlled by a personal
computer PC

A monochromatic light source (the lamp and the monochromator) for the ISRER
is the same as used in the ISRWS, only the measuring part of the ISRER is different.
The main difference is the usage of a membrane (pellicle) beamsplitter instead of the
four silica wedges. The advantage of the pellicle beamsplitter is the low thickness of
the membrane which in a sense eliminates the influence of the secondary reflection
(the secondary reflection is so close to the primary reflection that they cannot be
distinguished and therefore does not degrade the captured image). Since there is
no additional beamsplitter used, the imaging is realized as slightly off-axis imaging
(when using an auxiliary mirror AM; to reduce the off-axis angle) which brings the
benefit that the light intensity hitting the CCD chip does not decrease significantly
(use of even an ideal beamsplitter results in 75% loss of intensity). Although the
spatial resolution of the ISRER is significantly higher than of the ISRWS, it is still
low enough not to be affected by the off-axis imaging setup. The reference channel
is realized in a similar way as in the ISRWS by the use of a reference channel
sample. The size limit of the measured sample for the ISRER is about 20 mm x 15 mm
(a bit less than ISRWS) but the measurement can be done with spatial resolution of
16 wm x 16 wm on a sample. The spectral range from which the wavelengths can be
selected spans from 400 to 1000 nm.

The maximum value of thickness gradients is 12.5 pm/mm. The possibilities of
the ISRER in the case of thin films with high gradients in thickness are demonstrated
in Figs.5.6 and 5.7.
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Fig. 5.6 Edge of a HfO; film — a map of local reflectance for A = 400nm (raw data multiplied
with reflectance of the reference sample) and spectral dependencies of reflectance for three selected
CCD pixels

800

600 [ y

400 - y

Film thickness h/nm

O I I | |
0 200 400 600 800 1000

Position across edge/pm

Fig. 5.7 3D representation of the film edge from Fig. 5.6 and profile of the film edge perpendicular
to this edge

5.6 Data Acquisition

Both aforementioned imaging spectroscopic reflectometers measure spectral depen-
dencies of local reflectance of a sample studied. From the ensemble of these data the
values of spectral dependencies of local relative reflectance R;"”()) of the sample
are obtained. These values for a given wavelength A, are arranged in a matrix. The
(u, v)"™ element of this matrix corresponds to the (u, v)™ pixel of the CCD camera
recording the image of the studied sample at the wavelength X;. It means that this
matrix element R"-"(;) corresponds to the (u, v)™" small area on the sample surface
which is imagined on the above mentioned (u, v)™ CCD pixel. Indices of these indi-
vidual small areas imaged on corresponding pixels of the CCD camera take values
u=1.U;v=1...V.U andV are the numbers of pixels of the CCD chip in horizon-
tal and vertical directions and are given by the CCD camera resolution. The matrix as
a whole corresponds to the imaged area of the sample. When measuring, the wave-
lengths A, are suitably selected (accordingly to the presumed spectral reflectance of
the studied sample) from the usable spectral range of the given imaging spectroscopic
reflectometer (ISRM) with a chosen sampling step. In this way an ensemble of matri-
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ces is obtained from the set of sample images (see Fig.5.2). Vectors formed from
matrix elements with the same indices u and v represent sought spectral dependencies
of the sample local relative reflectance. This ‘map’ of spectral dependencies of the
sample local relative reflectance is used for the determination of optical parameters of
a studied thin film. In order to eliminate the temporal fluctuations in the light source
intensity, both reflectometers were designed as two-channel instruments. Retrieving
the experimental data of a sample using both the reflectometers is a three-step pro-
cedure consisting of the measurement of a reference sample (measured at the time
t1), the measurement of the sample to be studied (measured at the time £,), and the
measurement of the background signal (measured at the time #3). The background
signal can be expressed as follows:

S (e 3) = DY O, 13) + 1"V 1, (M, 13),

where 1,(A, t3) is the intensity of the monochromator output at the wavelength
and at the time #3, """ is the constant of proportionality, b*V I, (A, t3) is the response
of the CCD camera to the light scattered inside the reflectometer, D;’V(Ak, t3) is
the dark frame (it contains the whole signal which is generated by the CCD chip
without being exposed to any light) obtained at the closed CCD camera shutter at the
exposure time and the chip temperature identical to the actual measurement of the
sample. This dark frame is acquired immediately after obtaining the relevant signal
and it is subtracted. Therefore, the dark frame is not mentioned further in the text.
After eliminating the dark frame, the whole three-step procedure of the experimental
signal processing may be concisely expressed as follows: The signal already without
the D”;'V obtained from a single pixel with coordinates u and v can be written as

S s 1) = Lo Oues tD [ () R () + 071, (5.2

whereindex J can take two values: value m, which stands for ‘measuring channel’
and value s for ‘reference channel’, index i can be of value 1, 2 or 3 according to the
kind of the measurement (1 is for the measurement of the reference sample, 2 is for
the measurement the studied sample and 3 is for the measurement of the background
i.e. without the sample).

1, (X, t;) s again the intensity of light on the monochromator output at the wave-
length A and at the time #;, n**¥ (1) describes all the influences of the apparatus, e.g.,
effects of possible imperfections in optical elements and/or bad pixels of the camera,
but also the signal amplification or camera bias, noise etc. R;"V(Ak) is the absolute
local reflectance of the current sample given by the index. Since the reflectance is
equal to O for index i = 3 (blank measurement without any sample), the first addend
in the formula (5.2) is also equal to 0 and only the background 1,(Ax, #;)b"" (A, t3)
remains. The following formula (5.3) ensures that any temporal instability of the
light source of the ISRM is eliminated (i.e. it removes the time dependence of the
1,(Ag, t)). It also removes the influence of the background and of any non-uniformity
in the illumination of samples:



5 Optical Characterization of Thin Films ... 119

Sy (Aiest2) _ S (heat3) wy
RUV () = S20ul) — Salah) R, ()\k)' (53)
r SwaGiet) S5 (13) R?’V()»k)
Ss.1 (hs11) Ss.3(A,13)

This is the spectral dependence of the local relative reflectance of the studied
sample in the spectral range chosen in the measurement. In this way we acquire
a map of such local reflectance spectral dependencies (see Fig.5.6). The duration
of a single sample measurement is typically 30 min (without the measurement of a
reference sample and the background, which need not to be measured every time).

5.7 Key Features of Imaging Spectroscopic Reflectometry

At the end of our treatise on ISR technique, we will summarize the main features of
this technique as follows:

e A CCD camera records monochromatic images of a relatively large area of a stud-
ied film, which are created by an imaging system within wide span of wavelengths.

e A small region of the film surface is assigned to a one pixel of the CCD camera
by the process of imaging.

e These areas are so small that the film can be considered uniform within individual
areas.

e The ISR technique is a relative technique. The spectral dependence of the local
reflectance of the studied sample is measured against the spectral dependence of
the local reflectance of a reference sample (mostly a silicon single crystal wafer).

e The output experimental data of the ISR technique are the maps of spectral depen-
dence of the thin film local relative reflectance.

e Normal incidence of the collimated beam of light illuminating the sample elimi-
nates the necessity of scanning and also image fusion during postprocessing the
output experimental data.

5.8 Methods of Imaging Spectroscopic Reflectometry

As mentioned in the introduction, we consider an ISR method as a way of experi-
mental data processing, through which we determine interesting optical parameters
of a thin film. These methods are an integral part of the determination of the optical
parameters of thin films. The experimental data obtained by means of the ISR tech-
nique are the maps of spectral dependence of the local thin film reflectance. This fact
defines the limit of the information content of these data. The different methods of
the data processing give a different level of information we can get within this limit.
Their specific feature is that they must handle enormous amounts of experimental
data (assuming an image 500 x 500 pixels large with a 500-point spectrum in each
pixel the number of data points is 1.25 x 10®) and also to determine a huge amount
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of the thin film parameters (the number of parameters searched can be estimated to be
about 2.5 x 10°). This means that it is not possible to simply use the standard form of
Levenberg—Marquardt non-linear least-squares fitting algorithm for the determina-
tion of thin film parameters but it is necessary to develop original algorithms for this
purpose. On the other hand, this enormous amount of experimental data eliminates
random errors of the thin film parameters. Therefore, the determined values of the
parameters have only systematic errors. The ISR methods are discussed in detail in
Chap. 6, where their mathematical formulation is presented.

It is also important to stress another significant feature of the ISR methods. Most
of thin film parameters that are sought are practically always mutually correlated.
Then, it is impossible to determine them unambiguously. To overcome this problem,
the multi-sample method must be applied to improve the stability of least-squares
data fitting (e.g. [43]). The ISR technique, performing independent measurements
in individual CCD pixels, inherently provides data for a multi-sample method. Now
we will focus on the classification of these methods and, simultaneously, we will
present selected demonstrations of individual ISR methods in order to illustrate their
possibilities. We will classify the ISR methods from the viewpoint of the way in
which the information provided by CCD pixels is used. It should be emphasized that
this classification can only be schematically. The reason is that the use of the ISR
method depends not only on the task which we solve, but also on our decision what
method we want to use. For example, when aiming to determine the local thickness of
athin film with a known spectral dependence of the optical constants, the relevant ISR
method can be used as the stand-alone method. But if we aim to characterize a thin
film which differs very much from an ideal one (for example a film exhibiting more
defects) and/or with a complicated form of spectral dependencies of optical constants,
we probably would have to use the method in combination with other methods of
film characterization (i.e. conventional ellipsometric or spectrophotometric) and the
ISR method should be used as a complementary method. However, sometimes we
can also use the relevant ISR method for the latter film as the stand-alone method.
The schematic classification is presented in Fig.5.8.

We will mark an ISR method as the single-pixel method when the spectra of local
reflectance measured by individual CCD camera pixels are processed separately.
When those spectra are processed simultaneously the method is called the multi-

ISR methods

Single-pixel method Multi-pixel method

Stand-alone  Complementary Manual multi-pixel method Global method

-
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Fig. 5.8 Scheme of ISR methods classification
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pixel method. We will start our demonstration of the individual methods with the
case where the ISR method can be applied as the stand-alone single-pixel method.

5.8.1 Single-Pixel ISR Method as the Stand-Alone Method

The single-pixel ISR method can be applied as the stand-alone method for optical
characterization of a non-uniform thin film, as long as it is possible to suppose that the
film does not exhibit another structural defect than non-uniformity in thickness, the
film is uniform in optical constants and the spectral dependence of optical constants
of this film is relatively simple (or even known) within the interesting spectral range.

Then the number of parameters appearing in the dispersion model describing the
spectral dependence of those optical constants is small as opposed to the case when
the spectral dependence of the optical constants is complex. In that case all these
dispersion parameters and local thickness can be determined independently by a
fitting procedure separately in each pixel.

The aforementioned case can be demonstrated using carbon-nitride films, which
were deposited onto silicon single crystal wafers by a dielectric barrier discharge with
CHy4/N; gas mixture (details of the technological procedure used to prepare the films
are given in [44]). When treating the experimental data, the dispersion model based
on parametrization of the joint density of electronic states (PJDOS) corresponding to
amorphous materials [45] was used. It was assumed that the films contain no defects
other than the thickness non-uniformity.

It was found that those films can be considered uniform in the optical constants
(the determined values of dispersion model parameters were practically the same in
all film areas which corresponded to the individual pixels of a CCD camera). Spectral
dependence of these optical constants determined from the parameters of the above-
mentioned corresponding dispersion model are presented in Fig.5.9a for a sample
selected from a measured file of those films. The 3D map of the local thickness of
this carbon-nitride film is shown in Fig.5.9b.

The maps of the spectral dependence of the local relative reflectance got from
ISR measurements exhibit noise. This implies that the maps of the local thickness
and the values of the film optical constants determined from individual CCD pixel
inevitably exhibit noise as well. The reflectance values R*"” were measured with the
statistical relative error about 1% (corresponding to the standard deviation). Using
a standard error analysis, it was found that the values of the local thicknesses in the
area distributions were determined with the statistical relative error of 1-2% (corre-
sponding to the standard deviation). The same conclusion concerning the accuracy
was also found for the optical constants.

The single-pixel ISR method is simple. That is its main advantage. Unfortu-
nately, this method cannot be applied when the characterized non-uniform thin films
exhibit a complicated course of spectral dependence of the optical constants requir-
ing the usage of a dispersion model with a larger number of parameters and/or exhibit
further defects than non-uniformity in thickness (such as the roughness of boundaries,
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Fig. 5.9 a Spectral dependence of the refractive index n and the extinction coefficient k of the
selected non-uniform carbon-nitride film. b 3D map of the local thickness of this carbon-nitride
film determined using the ISR method

very thin overlayers on the upper boundary or very thin transition layers between the
substrate and the film). Then it is necessary to complete this ISR method with other
methods such as conventional (non-imaging) spectroscopic ellipsometry and con-
ventional (non-imaging) spectrophotometry. The detailed description of this method
application to the presented case can be seen in [36]. Other applications can be found
in [32, 33].

5.8.2 Single-Pixel ISR Method as the Complementary
Method

In this case, the single-pixel ISR method is applied in combination with other optical
methods (e.g. ellipsometric and/or spectrophotometric). It plays a role of a comple-
mentary method to these other methods, i.e. the method which allows us to obtain
values of the local thin film parameters by which it is possible to characterize a
non-uniformity of the film along its surface (e.g. local thickness or local roughness),
while the film optical constants that can be supposed to remain unchanging along the
entire surface of the film are found by means of the above mentioned other methods.
As the demonstration example of the case where the single-pixel ISR method is used
as the complementary method in combination with other optical methods, we will
present the optical characterization of a selected sample of considerably non-uniform
Si0,C,H; thin films deposited using plasma enhanced chemical vapor deposition
onto a silicon single-crystal wafer (the detailed preparation of the film see [11]).
Three optical techniques, i.e. conventional variable-angle spectroscopic ellipsom-
etry (VASE), mapping spectroscopic ellipsometry with microspot (WSE), and ISR
were used for the film characterization. Both ellipsometric techniques were used to
determine spectral dependence of the optical constants of the studied film. Moreover,
WSE was used to evaluate uniformity of the film in its optical constants and the type
of the film thickness non-uniformity. For this purpose \.SE measurement was car-
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ried out in 99 sample positions that formed a regular 11 x 9 grid with 1 mm spacing.
Experimental data acquired by the ISR technique were used for the determination
of the map of the film local thickness. The experimental data obtained by means
of ellipsometric techniques were processed by the Levenberg—Marquardt algorithm
using the following structural model of the film: The film is without defects except
the thickness non-uniformity, i.e. the material of the film is optically isotropic, it is
homogeneous in the direction perpendicular to the sample plane, the film bound-
aries are sharp and smooth, and the thickness non-uniformity is of the wedge type.
Moreover, it is assumed that the film optical constants do not vary within the region
corresponding to the microspot used in WSE (the circle 250 wm in diameter for nor-
mal incidence). In the case of ISR, the film is assumed as uniform within the region
corresponding to a single pixel of the CCD camera. The film complex refractive index
was modeled using an expression for SiO,—like materials based on PJDOS [45]. The
single pixel ISR method was utilized as the complementary method to conventional
VASE and pSE. Spectral dependencies of the film optical constants were found by
fitting VASE data. Subsequently, reflectance spectra in individual pixels obtained by
ISR were fitted, utilizing the optical constants obtained by ellipsometry and assuming
they were correct. The results obtained are presented in Fig.5.10.

Since itis not feasible to display the error bars for all the 99 . SE curves in Fig. 5.10,
the errors will be summarized numerically. The average three standard deviations
error estimate for the refractive index n was about 0.013 in the whole spectral range,
whereas for the extinction coefficient k it varied from approximately 0.01 at the UV
end of the spectrum to 0.001 at the IR end. It is evident from Fig. 5.10 that the error
bars of the conventional VASE and pSE overlap. The results are thus in agreement.
No trend was found in the area distribution of refractive index values obtained by
means of WSE. Their fluctuations represented random experimental errors and the
same can be said about the extinction coefficient. Therefore, no evidence of non-
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Fig.5.10 Comparison of spectral dependencies of optical constants, i.e. refractive index and extinc-
tion coefficient determined using conventional VASE (solid thick lines), using single-sample pSE
in all 99 individual locations (thin shaded lines), and using multi-sample WSE (dotted lines). Error
bars corresponding to three standard deviations are plotted for the conventional VASE as dashed
lines [11]
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Fig. 5.11 a Map of film local thickness obtained by ISR data fitting. Pink regions along the right
and top edges correspond to bad pixels and pixels outside of sample. b Map of film local thickness
determined using wSE [11]

uniformity of optical constants was found within the experimental precision. It is
worth pointing out that such conclusion is typical according to our experience. In
other words, even if the film is considerably non-uniform in thickness its optical
constants can usually be still considered uniform.

Because of the aforementioned consistency of the values of optical constants
obtained by conventional VASE and wSE, the spectral dependence of the optical
constants determined using conventional VASE was utilized for determining the fine
local thickness map by the ISR presented in Fig. 5.11a. The corresponding map found
using WSE is shown in Fig.5.11b.

An exact comparison of the maps of local thickness determined by using ISR and
WSE is not possible because it is not possible to ensure exactly the same position of
the sample during both the measurements. However, the trend of both the maps allows
us to conclude that both the measurements are in agreement. Finally, it can be said
that the combination of conventional VASE, WSE and ISR represents a precise tool
for optical characterization of thin films non-uniform in thickness. Unfortunately, it
is not convenient for routine use because the analysis of the discussed film by means
of WSE took approximately five days. Other cases, in which the single-pixel ISR
method is applied as the complementary method in combination with other optical
methods, are published in [35, 38], where the ISR method is applied in combination
with conventional VASE and conventional spectroscopic reflectometry (SR) at near
normal incidence. Again, the latter two methods served to determine the spectral
dependence of the optical constants and the single-pixel ISR method to determine
the fine map of the local thickness of the films exhibiting a thickness non-uniformity
only.

In conclusion of this paragraph, it is necessary to make the following note. If the
thin film is considerably non-uniform in thickness, it is possible to suspect that the
deposition process was not sufficiently uniform and the film material would also be
non-uniform along the film, although this material non-uniformity is probably smaller
than the thickness non-uniformity. This implies that the film could be non-uniform



5 Optical Characterization of Thin Films ... 125

in the optical constants as well. Unfortunately, the salient feature of reflectance
spectra, interference in the film, depends primarily on the product of film thickness
and refractive index, called optical thickness. This makes difficult to distinguish
non-uniformities in thickness and optical constants. Therefore, in the case where the
conventional methods do not determine optical constants correctly the single pixel
ISR method utilized together with those conventional methods leads also to incorrect
results. This fact limits the applicability of the results of the single-pixel ISR method
in the case under consideration.

5.8.3 Manual Multi-pixel ISR Method

When the single-pixel ISR method processes spectral dependencies of the film local
reflectance fitting the dispersion model parameters independently in each pixel, the
resulting maps exhibit high noise. On the other hand, it is not possible to simply
fit the ISR data in all the pixels together using one set of shared dispersion model
parameters. The total number of fitting parameters is huge and they are all corre-
lated. Nevertheless, these two problems can be solved, as we will demonstrate in
the case of strongly non-uniform thin films deposited from hexamethyldisiloxane
on silicon substrates by a single capillary plasma jet at atmospheric pressure. The
detailed description of the preparation of these films can be found in [37]. The manual
multi-pixel ISR method has been used as the stand-alone method in that case. The
procedure had three steps and each step involved only least-squares fitting problems
with reasonable numbers of parameters:

First step: Film thickness is fitted independently in each pixel using the model of
an ideal thin film and an initial estimate of film optical constants. In this particular
case tabulated optical constants of SiO, were used. The thickness maps obtained in
this way are not yet correct, but this first step is sufficient to distinguish good and
bad pixels in the image of the film. The criterion for it is the agreement between
experimental local reflectance spectral dependence and its fit in manually selected
pixels representatively covering the region of interest. The pixel selection should
respect the requirement to cover the full range of values of the sought parameters.
The evaluation of this agreement is done subjectively.

Second step: A set of several (e.g. ten) good pixels was selected manually. The
experimental data corresponding to those pixels were fitted simultaneously assum-
ing common optical constants. The large variation in thickness within the selected
spectrum set helps reducing the correlation between the thickness and dispersion
model parameters and improves stability of the fitting procedure (the multi-sample
approach). The PJDOS dispersion model for SiO; like materials [45] was used for
the films, values of Si substrate values were taken from the literature [46].

Third step: Film thickness is again fitted independently in each pixel, but this time
utilizing optical constants found in the second step. The spectral dependence of the
film real refractive index is presented in Fig.5.12. Even though the dispersion model
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Fig. 5.13 a Map of local thickness with selected profiles along the artificial edge of the film. b
Comparison of thickness profiles along the edge of the film measured by ISR, AFM and the tactile
profilometer [37]

permitted absorption, it was found that the film was essentially non-absorbing in the
spectral range of the measurement. The extinction coefficient is therefore not shown.

The 3D map of the local thickness of the film obtained as the final result of the
procedure described above is presented in Fig. 5.13a. In this figure, the artificial edge
created by scratching away a half of the film by means of a scalpel can be seen.
The thickness of the film was also measured with a Veeco Dektak profilometer. This
measurement was performed with a step of 0.5 mm along the edge (i.e. in the plane
in Fig. 5.13a) twice. Finally, the film edge was measured using a Bruker Dimension
Icon atomic force microscope in the ScanAsyst mode. Utilizing a motorized table
for accurate movement between successive scans, 50 images were acquired and in
each the step height was then evaluated.

All measurements were compared using 2D profiles defined by the green plane in
Fig.5.13a. This comparison of the profiles obtained by all three measurement tools
is plotted in Fig.5.13b.

Considering the uncertainty of the individual measuring tools, the agreement of the
results obtained can be considered good. Figure 5.13b also shows a strong thickness
non-uniformity of the studied thin film. The largest gradient of local thickness in the
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smooth part of the film (excluding the edges and debris), determined from inter-pixel
thickness differences, was approximately 1.6 x 10~*. The analysis of experimental
errors of the discussed ISR method found that the accuracy of local thickness mea-
surements was approximately 2 nm. The limiting factor was the uncertainty of optical
constants of the film as they represented the largest uncertainty source. Finally, we
can state that the discussed ISR method was successfully applied as the stand-alone
method for determining the optical constants and local thickness map of the film
strongly non-uniform in thickness.

5.8.4 Global Method

Although the manual multi-pixel method presented in the previous paragraph works
well in practice, it has several shortcomings. Firstly, to do the fitting, it is necessary
to manually find a small, yet representative, subset of pixels with a good spectral
dependence of local reflectance from the region of interest. It is somewhat unsatis-
factory that this choice is subjective and is irreconcilable with automation of data
analysis. Moreover, not utilizing entire available data means that the contribution
of random noise to parameter uncertainties is larger than necessary. If the analysis
utilizes all available data, i.e. reflectance curves from all pixels, random errors can
become insignificant compared to systematic errors and thus effectively eliminated.

Therefore, on the assumption of a thin film non-uniform in thickness only, an
original experimental data processing procedure has been developed, utilizing the
specific structure of the least-squares problem related to the main task of ISR. The
basic features of this procedure consist in splitting the free parameters into thicknesses
(local parameters, possibly different in each pixel) and dispersion model parameters
(shared parameters common for all pixels). Subsequently, both kinds of parameters
are fitted by turns, utilizing an unmodified Levenberg—Marquardt algorithm. How-
ever, this algorithm is used in such a way that the local thicknesses are corrected
during the dispersion model parameters fitting step to preserve the effective optical
thickness (product of film thickness and refractive index). This brings a substantial
improvement in the procedure convergence and permits the analysis of large imag-
ing reflectometry data sets with reasonable computational resources. The reason for
using the condition of preservation of the effective optical thickness is that it is the
optical thickness what determines the locations of interference minima and maxima
in a reflectance spectrum. The minima and maxima thus move in response to chang-
ing optical thickness. When the theoretical reflectance curve already corresponds
relatively well to the experimental points, the sum of the squared differences will
always increase even if the extrema shift only slightly. The fitting algorithm thus
becomes unable to progress further by updating thicknesses and dispersion model
parameters separately once the tiniest changes are now permitted. This limitation
grows more severe with increasing film thickness since the extrema are spaced more
closely for thicker films. The precise analysis of the ISR experimental data process-
ing described just above is presented in [47], where this approach was used for the
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Table 5.1 Characteristics of the experimental ISR data sets and fitting parameters for the two thin

films
Film SiO,C,H; CN,:H
Number of fitted spectra M 70,310 85,469
Points per spectrum K 656 628
Data set size [MiB] 176 205
Free shared parameters D 5 5
Shortest fitting time [s] 540 624

first time. It was applied to the case of two thin films of different amorphous materials
deposited on silicon substrates, both exhibiting strong thickness non-uniformity.

The first sample was a hydrogenated carbon-nitride film (CN,.:H) prepared in an
atmospheric pressure dielectric barrier discharge from CH4:N, =1:10 gas mixture.
The second sample was a SiO,C,H, film deposited in a low pressure radio frequency
(13.56 MHz) capacitively coupled discharge from the mixture of tetraethoxysilane
and methanol (The details of the deposition procedure can be found in [47]). The
same structural and dispersion models were used for both films. The films were
considered ideal within a single ISR pixel. The complex refractive index was modeled
using an expression for SiO,-like materials based on PIDOS [45]. Straightforward
parallelization on data was applied. It was demonstrated that the strategy of preserving
quantities corresponding to effective optical thicknesses in individual pixels resulted
in the fastest convergence of the least-squares fit. It was also shown that even though
a behavior of the algorithm deteriorates above a film thickness of approximately
600 nm, the result was still acceptable. The sizes of the data and fitting parameter
sets are summarized in Table 5.1 for both thin films. The table also includes the time
duration of the computation running on a reasonably powerful personal computer
(six-core AMD Phenom II processor and 16 GiB of RAM). The computation times
listed in Table 5.1 evince that the developed fitting procedure made a global ISR data
analysis possible, even with relatively modest computational resources.

The reduction of parameter errors and improved reliability of results following
from multi-pixel data fitting may be beneficial in the characterization of samples
that could be characterized also by other means. However, the key advancement
is that a wider range of samples can now be characterized using ISR as a stand-
alone method, without resorting to combination with conventional ellipsometry and
spectrophotometry. Because this method exploits the experimental data of all pixels
in the image of the film in the way that the shared parameters and local parameters
are fitted continuously during the fitting procedure, it can be named as the global
method.

To show the real power of this method, an application of the method for character-
ization of a thin film, which is far from an ideal one, is presented here. A ZnSe film
prepared by molecular-beam epitaxy (MBE) on a (100) GaAs single crystal substrate
can serve as a good example (for detailed deposition parameters see [40]). Epitaxial
ZnSe thin films deposited on GaAs substrates by means of MBE have randomly rough
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Fig. 5.14 Schematic overlayer

depiction of the structural J\/\/\/\/\W/\/V\/W (identical rough thin film)
model of the film

ZnSe film

GaAs substrate

upper boundaries. This roughness arises from the mosaic (or block) structure of the
films [48]. MBE normally produces thin films that are fairly uniform along the sub-
strate plane. However, it is sometimes possible to encounter ZnSe epitaxial thin films
whose thickness varies to such extent that they need to be considered non-uniform. Of
course, when both imperfections, surface roughness and thickness non-uniformity,
occur together, then film characterization is more difficult. The structural model of
the film under consideration is shown in Fig.5.14.

Since the ZnSe thin film with a rough upper boundary was placed in the air, it was
covered with a very thin overlayer [49]. This overlayer was modeled as so-called
identical rough thin film, i.e. a film with upper and lower boundaries that are exact
geometrical copies of each other (see also Fig. 6.4). When lateral correlations play no
role, a single number is then sufficient to describe the roughness, the RMS of height
irregularities. The substrate—film boundary was assumed to be smooth. Although
the film was relatively non-uniform in thickness, within the range of the surface
corresponding to a single pixel of a CCD camera, the film was considered uniform
in thickness.

The optical constants of the ZnSe film were expressed using a PJDOS model
for valence-to-conduction inter-band transitions [50, 51] and fitted. Tabulated val-
ues found in earlier studies were used for both the overlayer [49] and the GaAs
substrate [52].

Scalar diffraction theory (SDT) was used to model the influence of the upper
boundary roughness on reflectance [53]. The expressions resulting from SDT have
the form of an infinite series. This series was rewritten into a form suitable for an
efficient evaluation by computers. In particular, the computation time was made
almost independent on the precision to which the series was evaluated, eliminating
the need to make any trade-offs between precision and speed in SDT computations.
This is the great advantage in comparison with the Rayleigh—Rice theory (RRT) [53]
which has been used for modeling of the upper boundary roughness influence for
the optical characterization of the same (discussed above) ZnSe thin film in [38],
where the single-pixel ISR method has been used in combination with conventional
VASE and SR. The influence of the roughness is described by very complicated
formulae within RRT. This is significant in the case of ISR, when large numbers of
experimental data must be processed, and would lead to very long data processing
times. The fitting algorithm described in this paragraph has led to a satisfactory fit
essentially in the whole image of the film. It is illustrated in Fig.5.15.

Since the optical constants of the ZnSe film were modeled and fitted in the ISR
data analysis, it was possible to compare the obtained spectral dependencies with
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Fig. 5.16 Spectral dependencies of optical constants of the ZnSe film. The curves denoted
‘AO53_5606’, ‘JO 18_015401", ‘APS53_95’ and bulk (Adachi) represent optical constants found
for epitaxial ZnSe in [38, 40, 54] and optical constants of bulk ZnSe [55], respectively [40]

those found in other works. This comparison is shown in Fig.5.16, where also the
dependencies for the same film determined in [38] by VASE, for epitaxial ZnSe films
studied in [54] and for bulk ZnSe [55] are presented.

The agreement between the results presented in Fig. 5.16 can be considered good.
The uniformity of the film in the optical constants was also checked by dividing the
ISR data into four quadrants and rerunning the fitting procedure individually for each
quadrant. Parameters controlling the overall shape of the complex refractive index
curve were fitted, but parameters determining the locations of fine structures in the
spectral dependencies were fixed in values obtained from the whole data.

Considering typical experimental errors of the method, all four obtained spectral
dependencies were indistinguishable. The initial assumption that the film material
could be considered uniform was thus justified.

Maps of local film thickness /, the RMS surface roughness and thickness of the
overlayer are presented in Fig. 5.17. The artefacts which can be seen in both the maps
of the RMS roughness and overlayer thickness correspond to defects on either the
studied sample or the reference sample. The pixels corresponding to these artefacts
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Fig. 5.17 Maps of local thickness of the ZnSe film, RMS roughness of its upper boundary and
overlayer thickness

as well as bad pixels (with low quality of reflectance spectra) were removed, and
the mean (or typical) values of the RMS roughness and overlayer thickness were
determined from the remaining pixels.

The average RMS roughness of 4.7nm agrees well with other optical [38, 49]
and atomic force microscopy [38] studies. The average overlayer thickness value
10.3nm is somewhat higher than the values found by other methods [38, 49] but still
in reasonable agreement.

We can conclude that the ISR technique, when complemented by appropriate
data processing approaches, is practical as a stand-alone method of optical charac-
terization of thin films that differ significantly from ideal ones and which, therefore,
require complex modeling.

5.9 Precision and Accuracy of ISR

At the beginning of this paragraph, it should be noted that the precision and accuracy
of ISR depend, to a great extent, on the problem to be solved. In order to demonstrate
the precision and accuracy of the ISR measurements themselves (i.e. the precision
and accuracy of reflectance data obtained), a sample of a uniform SiO, film of the
thickness of 800nm was deposited on a Si substrate and then measured repeatedly
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(eight times) by means of the reflectometer ISRER. All the reflectance data obtained
in this manner were then compared with the theoretical values calculated by the
method described in [56] using the values of the SiO; film optical constants obtained
from many conventional measurements (VASE and SR, both in many configurations).
This curve can be considered correct. The result can be seen in Fig. 5.18. In the top part
of this figure, the theoretical curve is compared with the spectral dependence of the
local reflectance of a selected small area of the film (imaged onto the relevant single
pixel of the CCD camera) obtained by the ISR measurement. In the bottom half of
the Fig. 5.18, each point of the graph represents the difference between the calculated
theoretical curve at the given wavelength and the relevant mean value of the local
reflectance acquired from all CCD pixels corresponding to a region located at the
center of the measured sample. This region was selected to be approximately the same
as the region utilized (i.e. illuminated) by the conventional techniques (VASE and
SR). Different colors indicate different measurements. The relative mean difference
was of about 5% in the vicinity of minima of the spectral reflectance dependencies.
This value can be considered as the maximum relative difference between the correct
and measured values of local thin film reflectance.

However, an ISR user is usually more interested in the reliability of determining
sample optical parameter values rather than accuracy of individual reflectance values.
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Fig. 5.18 Difference between measured ISRER spectra and theoretical reflectance curves



5 Optical Characterization of Thin Films ... 133

As it was mentioned in the conclusion of the Sect. 5.8.2, if the main task is to
determine the local film thickness, the largest contribution to its error comes from the
uncertainty of optical constants of the film material. Whether the optical constants are
determined within ISR itself or taken from other measurements (and thus represent an
external source of the error), they are seldom known with better accuracy than about
0.01. Consequently, as the technique is sensitive primarily to the optical thickness n#h,
the absolute thickness values are systematically deviated by a constant multiplicative
factor. Depending on a film thickness and other aspects, this systematic deviation
can reach up to a few nanometers. This point has to be considered in metrology, but
it is moot in characterization of highly non-uniform samples in material research,
where the spatial dependence (i.e. a shape) is more important. Therefore, we will
further illustrate the precision of ISR results here as more relevant aspect.

Figure 5.19 illustrates the theoretical standard deviation of the thickness of a thin
film (on a silicon substrate) determined from a typical ISRWS measurement. It repre-
sents the precision limit that cannot be improved without reducing noise or increasing
the number of spectral points in a spectral dependence of the local reflectance of a
film. The theoretical sensitivity of the measurement is apparently good, with the
standard deviation of the fitted film thickness in tens of picometers.

Fig. 5.19 Theoretical 140 w w w w w w
standard deviation of the
fitted film thickness due to
the noise for an ISRWS
typical measurement, plotted
as a function of film
thickness and refractive
index. Spectral dependencies
of refractive index were
modeled using a simple
Cauchy formula; values of
its constant term A are
shown in the plot a0 1
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Fig. 5.21 Map of the 300 pm
residuum of fitted thickness c
of a 300nm thick TiO5 thin 200 5
film (measured by ISRWS). 100 ©
The residuum was obtained g
by the subtraction of a 0 n
. . 1%}
low-level polynomial fitting Q
. -100 ¢
the overall spatial 5
dependence of thickness E

-300

To answer how does the theoretical estimate corresponds to actual experimental
results, the above mentioned measurements of 800 nm thick SiO, film uniform in
thickness were used. The individual measurements were independently fitted (with
fixed optical constants) and the resulting thickness maps statistically analyzed. The
map of the local standard deviation of fitted film thickness, which was obtained is
shown in Fig.5.20.

The film is rather uneven and contains spots with relatively large variation in the
order of hundreds of picometers on the background of reproducible measurements.
The overall mean and median of the map are 128 and 116 pm, respectively, less than
twice the theoretical estimates. This verifies the good precision (reproducibility) also
in practice.

Finally, Fig.5.21 shows a complementary demonstration of the consistency of the
ISR results. An almost uniform area of a 300 nm thick TiO, thin film was measured
and the map fitted (with fixed optical constants). Since the uniformity was not perfect,
the thickness map was then fitted with a low-order polynomial, and the polynomial
subtracted to obtain the residuum plotted in Fig. 5.21. In the ideal case, the residuum
would be zero. The map again contains isolated spots where the residuum is of the
order of hundreds of picometers. However, the mean square residuum is 52 pm, i.e.
about twice the theoretical value (TiO, has a much higher refractive index).

5.10 Another Application of ISR

Up to now, we have focused on the ISR application to the basic task of the optical
characterization of thin films, i.e. determination of their thickness and spectral depen-
dencies of their optical constants. These films could exhibit some defects like thick-
ness non-uniformity, non-uniformity in upper boundary roughness and their struc-
tural model could comprise an overlayer. The ability to measure spatially resolved
reflectance in a wide spectral range can be beneficial also in other applications. As an
example of such an application can serve the use of ISR for the localization of metal-
lic gold in an organic layer. The metallic gold was reduced from an organo-metallic
compound by alocalized thermal treatment using a plasma-jet [57]. The plasma treat-
ment of solid surfaces has a lot of interesting and important applications generally. In
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Fig. 5.22 The organogold ] area fraction of gold
layer with reduced grains of
gold. Grain projection on the
film surface is shown &
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the application mentioned above organogold layers were prepared on a microscopy
glass plate by spincoating and then vacuum dried (the detailed description of the
layers preparation see [57]).

In these layers, the gold was in the oxidation state +1. By the action of plasma
jet, this gold contained in the precursor layers is reduced to metallic gold (i.e. gold
in its oxidation state 0) in the form of small grains (see Fig.5.22).

The projection of these metallic gold grains on the layer surface can be quantita-
tively evaluated by means of the ISR technique. The models used for the description
of light interaction with the studied layers can be various. They have to respect the
fact that the layers of interest are approximately 6 wm thick, non-uniform and the
refractive index of their organic material is close to that of the glass substrate. Hence,
the interference of light is weak in those parts, where the layers are transparent. The
parts with metallic gold (the heat treated parts) were not transparent. Therefore, the
layers were modeled as thick slabs and the interference was not considered. It was
also taken into account that the layers significantly differ from ideal ones, which
implies various defects and distortions in the reflectance spectra. Considering also a
huge number of ISR experimental data, a simple, robust, model was needed which
would agree with experimental data as much as possible. Finally, the layer was mod-
eled as a thick slab formed by separated regions covered by the untreated organic
compound or metallic gold. This model works with an area fraction of metallic gold
ay, which is defined as follows:

u,v
au,v _ Agold
- u,y *

f Areg

The area of gold covering the region corresponding to a camera pixel (with coordi-
nates u and v) is denoted as A, and A}y is the area of this whole region. Using a’y",
the local relative reflectance of the region corresponding to the same CCD camera

pixel can be expressed as
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Fig. 5.23 a Area metallic gold map obtained by ISR measurements. The scale shows a value of
the model parameter a s—the area fraction of metallic gold in the organogold precursor treated by
plasma jet. b Local relative reflectance comparison. Measured local relative reflectance of the spots
(marked in a) on the measured sample together with measurements of the pure gold layer and the
organogold layer without any plasma jet treatment

R () = @ Rgota () + (1 — @) Rorg (ut). (5.4)

Here, R;,14(Ax) is the value of the relative reflectance of gold obtained by measur-
ing the reference sample (a uniform gold layer prepared by magnetron sputtering on
a glass sheet) at the wavelength A;. R, (Ax) is the value of the relative reflectance of
the untreated uniform organogold precursor layer at the same wavelength. The values
of a?-’” were determined by the least square method using the previous equation (5.4).
Put together, these values form a map of the area projection of the reduced metallic
gold distribution in the studied sample.

The results achieved are shown in Fig.5.23a. Three spots A, B, C are selected in
this figure to illustrate how the corresponding local relative reflectance obtained by
the ISR is changing along the surface of the studied film (see Fig.5.23b). The spot
A contains the largest amount of metallic gold (and thus its reflectance is closest to
pure metallic gold), the spot B contains less metallic gold and the spot C was not
thermally treated and thus it does not contain any metallic gold.

The ISR method was completed by X-ray photoelectron spectroscopy applied at
the points A, B, C of the sample surface and confocal microscopy (which provides
only qualitative evaluation of the area distribution of metallic gold along the studied
sample surface). Results obtained by means of both the additional techniques were
consistent with the quantitative results from ISR.
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5.11 Conclusion

In the deposition of thin films for optical applications, various factors may cause
defects significantly affecting the desired properties of these films. This is valid par-
ticularly during the development and tuning of a new deposition technology. There-
fore, it is desired to have instruments which can detect the existence of these defects
and characterize the influence of them on thin film optical properties. The ISR tech-
nique, in conjunction with the adequate data processing methods, is such a suitable
tool for this purpose. The advantages of the ISR fully manifest when characterizing
thin films with area non-uniformity in their parameters. When such a non-uniformity
is of a general type, i.e. it is not possible to describe this non-uniformity analytically,
a correct optical characterization of these films by means of the conventional (non-
imaging) and frequently used optical methods (e.g. photometric and ellipsometric
methods) cannot be performed.

The main aim of ISR in the field of thin film optics is the determination of thin
film optical parameters, primarily maps of local thickness, and spectral dependencies
of optical constants. With the help of ISR, it is also possible to determine other
material parameters appearing in the dispersion models, such as the band gap of a
thin film material, the maximum energy limit of the relevant electron transitions, or a
quantity proportional to the concentration of electrons participating in the transitions.
Eventually, it also allows to determine some structural parameters, such as maps of
local RMS roughness of the upper film boundary.

The experimental set up of the ISR technique is simple. The design of imaging
spectroscopic reflectometers allows to measure thin film samples up to 20mm x
20 mm size, at normal angle of light incidence. The measurements can be done within
the spectral range (270-1000) nm, i.e. (1.2—4.6) eV, with the spatial resolution on the
sample up to 16 um x 16 pum and the maximum value of the local thickness gradient
approximately 12.5 pm/mm. The duration of a one sample measurement is typically
30 min (without the measurement of the reference sample and the background, which
need not to be measured every time).

The ISR technique provides a tremendous amount of experimental data. This fact
implies the necessity of special data processing methods with the aim to determine
the sought optical parameters of the film. The use of the appropriate method is
determined by a task to be solved. If spectral dependence of optical constants of
a thin film is known, the stand-alone single-pixel ISR method can be used for the
determination of the map of the film local thickness. If the spectral dependence of
optical constants of a thin film is not known, conventional (non-imaging) methods
can be used for their determination under the assumption of film uniformity in these
constants. The single-pixel ISR method can then be used for the determination of the
map of the local thickness of the film as a complementary method. The same task
can be solved using the stand-alone manual multi-pixel ISR method.

The multi-pixel approach is equivalent to the multi-sample approach which is
inherently present in the ISR technique. This fact further increases the efficiency
of this method in solving the basic task of spectroscopic reflectometry. The most
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powerful ISR method is the global ISR method which enables to address the issue
of the characterization of a thin film which is even far from an ideal one. That is,
it enables us to determine the unknown spectral dependence of thin film optical
constants (assuming the uniformity of the film in optical constants), the map of
thin film local thickness and, if necessary, other parameters of the film, such as the
RMS roughness of the upper boundary and the mean thickness of the overlayer film.
This global method uses an original algorithm for processing the ISR data, which
ensures fast convergence of the procedure finding the sought thin film parameters.
The above-mentioned ISR technique and the ISR methods form an integral whole —
ISR.

It is necessary to mention that all the ISR methods presented here are built on the
assumption of thin film uniformity in optical constants. In accordance with our expe-
rience, this assumption is fulfilled in the vast majority of real-life cases. In principle,
the characterization of thin films exhibiting non-uniformity in optical constants and
simultaneously in thickness is also possible using ISR. However, up to date this task
still represents a challenge.

The accuracy of optical parameters determined by means of ISR depends on the
concrete issue that is being addressed. The optical constants can be seldom deter-
mined with a better accuracy than about 0.01. The uncertainty of optical constants
causes a systematic deviation of the local thickness of the measured thin film. Depend-
ing on the film thickness and other aspects, this systematic deviation can even be a
few nanometers. The precision of ISR measurements is good. In the case of the local
thickness determination, this precision can be estimated by the value of the RMS
deviation in the local thickness which is in the order of 10'~10? picometers.

The applicability range of ISR can be defined as follows: Since the aim of applying
the ISR technique is, among other things, to determine a map of the thin film local
thickness, it is necessary to exploit the interference pattern which originated in the
film. This means there must be interaction between the light beam and the bottom
boundary of the film, which affects the local reflection of the film. Thus, only thin
films that absorb sufficiently little in the spectral range used can be studied by means
of the ISR technique. By other words, the ISR technique can be utilized for dielectric
or semiconductor thin films, but not for strongly absorbing thin films (e.g. metal
films).

In the previous paragraphs, we dealt with the application of ISR within the field
of optical characterization of thin films. We presented not only a solution of the basic
task of finding the spectral dependence of optical constants and determination of
local thickness maps of thin films, but also pointed out a wider potential of ISR in
this field (see Sect. 5.10). Generally speaking, ISR can also be a good choice for the
analysis of intentionally modified thin films (like are patterned, locally deposited,
locally etched films). In conclusion, we can state that ISR represents the powerful
tool for optical characterization of thin films. At the same time, it should be noted
that the potential for using ISR outside the thin film optics field is also high. It can
be successfully applied wherever it is desirable to know the local reflectance maps
along the surface of the studied samples, such as biological, medical objects, etc.
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