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The work presents an application of two scanning optical techniques, i.e.

optical profilometry and angle

resolved scattering method. The first method measures the light reflected from a film during scan of the surface,
while the second method measures light intensity as a function of the scattering angle. The angle resolved scattering
and optical profilometry measurements, being complementary to the atomic force microscopy, give information
about surface topography. Scattered radiation measured by angle resolved scattering and optical profilometry is a
function of height and slope of microfacets. The analysis of images allows to determine the most important statistic
surface parameters, like roughness, height distribution and autocorrelation length, in large wavelength range by
the determination of power spectral density function. The fast Fourier transform of angle resolved scattering and
optical profilometry images permits to determine the distribution of surface features in the inverse space, such as
periodicity and anisotropy. In this paper the results obtained for porous SiO2, SiO2—-TiO2 blends, TiN and polymer
thin films have been presented. The paper demonstrates the usefulness of the angle resolved scattering and optical
profilometry for the surface and volume thin film inspection.
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1. Introduction

Light scattering from optical thin films and devices has
increasingly become an important factor in applications
requiring high precision control. Also, light scattering
losses have crucial impact on the performance quality of
optical thin films [1, 2] and devices [3, 4]. The study of
light scattering from optical thin films can provide useful
information on thin film morphology. If layers are thin
and flat the basic parameters describing studied films
(i.e. thickness and refractive index) may be determined
from the analysis of reflection spectra. Optical methods
use for this purpose the specular part of radiation from
the sample. In particular, the spectroscopic ellipsometry
is accurate technique for determination of thickness and
refractive index of thin films [5, 6]. The basic ellipsomet-
ric equation utilizes the Fresnel formulae to determine
optical and geometrical parameters of thin layers.

However, in many real films except coherent specular
scattering, the non-directional incoherent scattering may
occur. There are two types of non-specular light scat-
tering in optical thin films. The first one is the surface
scattering, which results from irregularities appearing on
the film—substrate and film—air interface [7]. The second
one originates from scattering occurring in the volume of
films [8]. Light scattering in bulk of optical thin films
results from scattering centers with refractive index dif-
ferent than the film [9]. If the variations in layer surfaces
and in the bulk are mild, then they can be characterized
by weak single scatter events, as in the case of smooth
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surface topography, where the scattering is caused by
particles embedded in the bulk of a film. Then, one can
consider the total diffuse reflection as the sum of sur-
face Iy and volume scattering I,,, namely liot = I, + I.
Thus, diffuse films, from an optical point of view, show
the same behavior as layers with rough boundaries.

The work presents an employment of two scanning
optical techniques i.e. optical profilometry (OP) and
ARS (angular resolved scattering) techniques. The first
method measures the light reflected from a film dur-
ing scan of the surface, while the second method mea-
sures light intensity as a function of the scattering an-
gle. Arbitrarily, one may separate ARS technique into
bidirectional reflection distribution function (BRDF)
method [7] used for film topography measurements and
small angle light scattering (SALS) applied in bulk scat-
tering investigation [9].

The only difference between BRDF and SALS
method is the range of incidence and scattered angles
0; and 6, respectively. In BRDF the angle 6; is usually
fixed at larger than 45° values and angles 6, are altered in
wide range angles higher than 45°. In SALS type of mea-
surements incident angle 6; is close to zero and scattered
angle is usually lower than 15°.

Measurements of optical reflectance by means of the
classical reflectometry inform us about optical proper-
ties on a large area, i.e. of the order of 0.1 to 2 cm?.
Results obtained on a much less scale will be similar if
coatings and surfaces are homogeneous over the inves-
tigated area and inside the layers. For inhomogeneous
surfaces, when topographic or material non-uniformities
appear, the results differ from tens pum to several mm,
the measurements taken from the integrating sphere and
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standard reflectometry give rather an average reflectance
over a larger scale of the reflected samples.

The scattered radiation measured by OP is a function
of height of irregularities and slope of microfacets, but the
sensitivity of this method results mainly from detection
of the slope change [10]. The presence of long lateral
irregularities is often caused by manual or mechanical
treatments and may have a periodical nature. The short
spatial waves result rather from the random process of
the surface formation and their contribution to the total
profile is easy to determine from atomic force microscopy
(AFM) technique.

Optical profilometry measures specularly reflected
light from the sample “in point”. The resolution of OP
depends on beam diameter which changes from 1 pm to
1 mm. In this work we present the results of profilomet-
ric studies. The long spatial wavelength irregularities de-
tected in OP investigations may substantially contribute
to the total roughness. The ARS and OP measurements
complete the topography description in long spatial wave-
lengths.

Two main theories were developed to analyze light
scattering in optical thin films: the scalar [11] and the
vector theory [12].

Scalar light scattering theory based on the Kirchhoff-
Beckman approximation provides the total integrated
scattering (T'IS) formula. TIS is defined as the ratio of
diffuse to specular intensity of scattered radiation. T'1.S
describes the relationship of surface roughness and light
scattering [13]. The well known T'IS formula can be ex-
pressed in the first approximation as

TIS = exp [— (47c) /N)?], (1)
where ¢ is the rms surface roughness and A is the wave-
length of light illuminating the sample. The validity of
the above relation is fulfilled for ¢ < A. The simple way
to determine T'IS parameter is to use the integrating
sphere [14].

Vector scattering theory is based on the first-order per-
turbation model and valid for small roughness (rms) o.
In contrast to scalar approaches, it includes the polariza-
tion properties of both scattered and incident light. Vec-
tor theory in the Rayleigh-Rice [15] and the Rayleigh—
Debye approximation [16] can be applied for surface and
bulk of light scattering phenomena occurring in thin
films.

In surface vector theory some function describing sur-
face in topographical terms must be defined.

Real surfaces most often are described by statistical
function, namely power spectral density (PSD) function.
PSD expresses the roughness power per unit spatial fre-
quency over the sampling length [7].

The PSD is presented as a function of spatial fre-
quency f:

= sin(fy) . bln(01)7 @)
where angles 6; and 6, are incident and scattering angle,
respectively.

PSD function is commonly evaluated by processing
mechanical profilometer and/or AFM images [1]. If the
values of PSD are known, one can determine the sta-
tistical parameters, such as the root-mean square (rms)
roughness o, slopes and the autocorrelation length by us-
ing the so-called ABC model which describes PSD in a
simple analytical form [7, 14]:

PSD(f) = AL+ (Bf)*]~“/2, (3)
where A, B and C are model parameters related to ba-
sic quantities characterizing a surface, i.e. A is a PSD
value for low frequency, B/27 is the correlation length
and C determines the type of power law in high spatial
frequency. The C parameter qualifies type of random
distribution of irregularities. For the special case C' = 2
or C' = 4, the distribution of PSD(f) is Lorentzian or
Gaussian, respectively. The ABC model is applicable to
single surface or interface. The function describing sur-
face topography in spatial wavelengths is autocovariance
function [1].

In order to determine the PSD function BRDF
method has been used [17]. BRDF method measures
the differential power of scattered beam d.P per solid an-
gle of receiver aperture df2 in the 65 direction and per
incident power P; coming from the 6; direction. The an-
gles used in BRDF have been shown in Fig. 1.

Incident beam Pi

directionally reflected beam
b d

i scattered
ak radiation Ps
BRDF = 'm\
F cos6; ’
solid angle dQ
Fig. 1. The angles defined in BRDF technique.

Practically, dP/df? is equal to the measured scatter
power P, per acceptance angle {2 of a detector, namely
dpP/df _ Pg [sr‘l] . (@)
P;cosly  P;f2cosfg
If the surface under consideration is relatively flat, one
can use the Rayleigh-Rice vector perturbation theory

yielding a simple dependence between the scattered ra-
diation expressed by BRDF and PSD functions [1, 7]:

2

BRDF = 16}\—7;00591- cos 0,QPSD(f), (5)
where @ is a factor depending on polarization state of the
light source and optical constants, and A is the light wave-
length. This relationship allows one to extract the topo-
graphic structure of a single surface from either BRDF-
or PSD studies, since both functions are proportional to
each other. Equation (5) is the basic in determination
of surface parameters from angular scattering measure-
ments and may be applied to relatively smooth surfaces
for all kinds of films, including strongly absorbing ones
(e.g. metallic films).

BRDF =
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However, if a thin film is deposited on a rough surface,
the BRDF depends on the profiles of upper and bottom
interfaces. Then, even for a slightly absorbing or trans-
parent thin film, the BRDF-PSD relationship is much
more complicated, in particular, when a partial correla-
tion between interfaces occurs. For completely correlated
the top and bottom film surfaces the factor @) is optical
functions of film/air- and film/substrate interfaces which
represents reflection from a film.

Volume scattering is a part of elastic scattering caused
by the film bulk. It is assumed that there is no energy
loss accompanying the scattering and that the scattering
bulk is spherically symmetric. The scattering light in a
bulk is described by formula [19]:

I, = a®B/(1+ k*a?s%)?, (6)
where s and k are the scattering and wave vector, respec-
tively: s = 2sin(0,2), k =27/

The parameter B is the scattering factor, and a is cor-
relation length describing the distance between refrac-
tive index fluctuation caused by the scattering centers.
The contribution of volume scattering to the total dif-
fuse reflectance is larger for small angles of scattering.
This is significant mainly in translucent materials with a
small extinction coefficient.

Surfaces and layers can be described in different ranges
of space wavelengths (or frequencies). Spatial short
waves cause scattering into high angles, while long ones
scatter into low angles, close to the specular beam.
Thus scattering is bandwidth-limited and only scattering
caused by a certain range of surface roughness frequen-
cies can be detected by an instrument.

The attenuation of light described by the loss function
is defined as the inverse distance, when the intensity of
specular light decreases e-fold due to scattering by par-
ticles and the absorption process. Then the total loss
coefficient is equal to s; = a + s,, where a is the absorp-
tion and s, is the volume scattering coeflicient.

2. Experimental setups

For quantitative and qualitative thin film inspection
the novel nonstandard setups have been applied. They
comprise several original solutions useful in a wide range
of films with different optical constants, thicknesses and
roughness.

BRDF measurements have been performed with an
automatic home-made scatterometer setup. It consists of
a 635 nm laser diode as a light source with the beam di-
ameter of 2 mm mounted on a goniometric table with res-
olution of 0.01 deg. The light scattered at the sample sur-
face is measured with a Si photodiode detector. The rota-
tions are obtained by a computer controlled step motors.
For a fixed angle of incidence, the intensity scattered in
the plane of incidence have been measured by varying
the detector orientation. All measurements have been
carried out with the s-polarized incident beam. In any
case, the sample surface size has been much larger than
the beam diameter [20]. Moreover, the minimal illumi-
nated area (4 mm?) has been large enough for statistical

description of the surface. The scheme of BRDF setup
is shown in Fig. 2.

BRDF Setup
nmzf\::f:‘r’:em Computer
/
Fig. 2. Scheme of BRDF setup.

SALS measurements were carried out with an auto-
matic scatterometer. It consisted of the 635 nm laser
diode as the light source. The CCD ruler with 512
diode elements was applied for scattered light detec-
tion. The resolution angle per pixel was equal to 0.06
which was suitable value for that type of measurements.
The scattering angles 6, ranged from 1° to 13°. The mea-
surements were done in the plane of light incidence with
the s-polarized incident beam.

T 2

PC s

Fig. 3. Scheme and picture of optical profilometer:
1 — laser diode (A = 635 nm), 2,3 — detectors, 4 —
beam splitter, 5 — collecting lens, 6 — objective, 7 —
sample, 8 — XY stage, 9 — controlling/collecting unit.

The scheme of OP has been shown in Fig. 3 [10]. OP is
a multifunctional experimental setup for surface topog-
raphy investigations. It works in two modes. The first —
specular mode, employs the laser diode with wavelength
A = 635 nm as a light source with the collimating sys-
tem allowing to achieve a 12 pum diameter light beam.
It allows to obtain the optical map of surface with a
12 pm lateral resolution. In the second mode the reflec-
tion probe R200-7 mode is utilized. The XY positioning
stage is actuated by lead screw step motor. It allows to
scan 20 mm x 20 mm surface area with step of 20 pum.

3. Result and discussion

The optical scanning method could be applied in thin
slightly rough films which additionally exhibit optical dif-
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fusion in the bulk. The BRDF study performed at zero
angle of incidence allows us to separate optical losses
caused by volume or surface scattering from total light
scatter. Such diffusive behavior can be observed in poly-
mer layers applied in optoelectronic devices.

Fig. 4. log (ARS) for the BK-7 glass with the surface
roughness ¢ = 3 nm (curve 1) and a relatively thick PPI
film (curve 2).

Figure 4 shows the log(ARS) results performed for BK-
7 glass with the surface roughness o = 2.9 nm (curve 1)
and a relatively thick polymer film (curve 2). The dif-
ference of shapes of the presented curves indicates that
below angles smaller than the Brewster angle 65, scat-
tered light comes from the volume as well as from the
surface of the film. This difference is easy to explain,
namely: if the bottom surface is flat (as for glass or pol-
ished Si substrate), the radiation, coming from refractive
index fluctuations or from scattering centers, is scattered
into an angle 6, which may be larger than 6. In this
case, all radiation, scattered at angles 6, > 0p, is inter-
nally reflected. Thus for these angles, the light scattering
coming from the upper surface of films is only produced
by film irregularities.

That allows to extrapolate for larger scattering an-
gles the light scattered by the surface from total scat-
tering signal. That is demonstrated by curve 3 in Fig. 4.
The volume scattering is a result of subtraction of the
surface scattering from the total scattering.

1
h‘ll"v»"'-'y‘ "‘l.ﬂ,l' 4

T
() e, "

power spectra density

T
07 038

Fig. 5. log-log PSD versus spatial frequency f of ir-
regularities for sample from Table.

If bulk scattering does not occur the optical losses orig-
inate from surface and interface only. In that case it is
allowed to determine the roughness o, autocorrelation
length 7" and power coefficient C' of high distribution
law from BRDF measurements using formula (3). Fig-
ure 5 shows determined P.S D function for polished silicon
(curve 1), thermally obtained SiO2 on the same Si sub-
strate (curve 2), porous silica films obtained by sol-gel
technique [21] (curve 2), respectively. The values of o,
T and C calculated from (6) for Si and SiOs have been
presented in Table. Also in Table the roughness values
obtained from AFM study have been placed.

TABLE

Topographic parameters calculated from PSD function
for samples described in text.

d Roughness | Acorr
Sample [nm] | AFM ‘ BRDF | [nm] C
o [nm]
polished Si - 0.7 1.3 273 3.6
SiO2 on Si 12 0.5 0.9 289 3.9
porous silica on Si| 625 | 0.2 7.7 192 2.0

As one may notice in Table irregularities of films with
porous SiOs have smaller autocorrelation length. There-
fore shorter spatial wavelengths contribute with larger
fraction to total roughness than in cases of Si and ther-
mal SiOy. Therefore autocorrelation lengths 7' for lay-
ers 1 and 2 are bigger than for thermally obtained sil-
ica. PSDs obtained for silicon before and SiO5 on Si
after annealing are very similar. It results from the iden-
tity of upper and lower interfaces of SiOs film. Values
of o determined from AFM and BRDF measurements
are similar, however, roughness calculated from BRDF
study is larger. As a matter of fact in BRDF we mea-
sure scattered radiation from a much bigger surface area
than in AFM. Abnormal light scattering from short space
wavelengths shows that beside scattering due to surface
irregularities there is other different mechanism of light
scattering. It is due to the presence of pores in the film
bulk. Significant differences between the roughness deter-
mined by the AFM and BRDF (Table) can be explained
by the presence of light scattering at times.

Additionally, the OP measurements for absorbing and
transparent thin films have been performed. It allows to
determine thickness variation upon the plane position of
measured point for some samples. Thickness variation
measured by OP is shown in Fig. 6. The DLC layer
was obtained by the use of ion beam assisted deposition
(IBAD) method [22]. In Fig. 6 one may observe the radial
decrease of film thickness from ion central bombarding
axis position of sample to external areas of sample.

In some processes the thickness of film may be irregu-
larly distributed. We present as an example of such effect
the TiO layer created on TiN substrate during thermal
annealing in temperature 1200-1400 K. The OP profile
of TiN surface subjected thermal oxidation is shown in
Fig. 7.
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Fig. 6. OP profile of DLC film on Si produced by the
use IBAD technique.

Fig. 7. OP profile of TiO; film created during the TiN
annealing.

The red areas in Fig. 7 correspond to thicker TiOq
layer, while blue ones are spots with lower thickness of
oxide films. The thickness variation shows rather statis-
tical distribution over the sample area. Also, for polymer
films optical profilometry proved many advantages. They
show an even larger variety of surface and volume phe-
nomena than non-organic layers. As an example the opti-
cal profile of polyazomethine (PPI) thin film obtained in
CVD technology [23] has been shown in Fig. 8. The light
entering to PPI film was scattered by refractive index
fluctuations and coming back through PPI layer—air in-
terface under solid angle less than 27. The film thickness
(the thicker the film, the larger the number of scattering
centers and the greater intensity of backscattered light).
The circular lines of reflection maxima originate from sur-
face points of largest thicknesses of PPI film. As one may
notice, the shape of maxima reflection envelopes is chang-
ing from circular in centre of the sample to rectangular
for points adjacent to sample confines.

Because the PPI film exhibited volume scattering also
the SALS investigation was performed. For small val-
ues of s, the formula (6) may be transposed to a linear
dependence of the inverse square root of the normalized
intensity vs. the square of the scattering vector s. Fig-
ure 9 shows the experimental SALS data transformed
according to the above description.

Ik* e e

Fig. 8. OP profile of a PPI on the glass substrate film
created in CVD process.
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Fig. 9. SALS normalized intensity vs. scattering vec-
tor for PPI layer.

Using a linear fit to the transposed SALS data for
small values of the scattering vector, the autocorrela-
tion length @ = 7.5 um and the scattering factor B =
5.43 x 1072 pm~3 have been estimated.

Optical profilometry could be applied to waviness de-
tection occurring on sample surface. As an example, on
Fig. 10a the OP profile of crystalline silicon subjected to
etching during the time 40 min in 25% solution of KOH
have been shown.

Fig. 10.

The OP profile of etching silicon surface: a)
left — the profile obtained for normal incident, b) —
axis of the light is inclined at the angle of 15° to normal.

The profile was obtained for normal incident beam. In
this case, the probe measure directionally reflected and
diffusive scattered light. If the axis of the light is inclined
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Fig. 11.
and b.

FFT profiles of images presenteds in Fig. 10a

at the angle of 15° to the sample axis, the probe records
only nonspecularly scattered light. The measured profile
at angle of 15° for the same sample of etched silicon is
shown in Fig. 10b.

In this case, the diffusely reflected light is measured,
so recorded profile shows the image of the scattered light
coming mainly from the the sample microroughnes.

In Fig. 11a and b the Fourier transform profiles from
Fig. 10a and b have been shown respectively. The trans-
forms of optical profile image allows in easy way to deter-
mine the periodicity and anisotropy of the studied sur-
faces

4. Conclusion

The work presents an employment of two scanning op-
tical techniques i.e. OP and ARS method in thin film
investigations. The first method measures the light re-
flected from a film during scan of the surface, while the
second method measures light intensity as a function of
the scattering angle. The ARS and OP studies allow to
get information about surface topography in short spatial
frequencies. The scattered radiation measured in OP is
a function of height and slope of irregularities, but sensi-
tivity of OP studies results mainly from the detection of
the slope change. The presence of long lateral irregulari-
ties is often met in polymer technology and it can have a
periodical nature. Short spatial waves result rather from
a random process of the surface formation and their con-
tribution to the total profile is easier to be determined
by AFM.

ARS and OP investigations enable one to find many
interesting features concerning surfaces in a much larger
area than AFM technique. From ARS study one is al-
lowed to find most important statistical parameters char-
acterizing single surface or film-substrate interface as
roughness o correlation length L and high distribution
function. In OP study the image analysis performed by
the use of fast Fourier transform (FFT) allows one to find
distribution of features in the inverse space, like period-
icity and anisotropy.
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