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The differential reflected light scattering technique provides a nondestructive, far field optical back-scattering
measurement method with z-thickness profiling capabilities over large areas. The phenomenological theory and
experimental examples of thickness profiling and structural evaluation of photodeposited organic materials layers

assisted by bio-chromophores are described in this work.
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1. Introduction

Surprisingly, only a few papers were published until
now in the literature on optical diagnostic techniques us-
ing methods of optimized high contrast photon backscat-
tering processes from thin nanolayer materials deposited
on transparent waveguides serving as substrates [1-4] for
thickness profiles evaluation. This is probably due to the
reason that most film thickness measurements are made
traditionally by simple perpendicular optical transmis-
sion, which is a satisfactory sensitive technique for mi-
crometric layers but not always good enough for nano-
metric layers. In contrast, the DELI technique based
on the evanescence phenomenon developed by us for-
merly [5-8] and extended here particularly to an anal-
ogous technique called differential reflected light scatter-
ing (DRLS) method proves suitable to analyze the thick-
ness profiles of extremely thin nanolayers and nanopar-
ticles as obtained for instance by photodeposition in our
laboratory [7].

In the DRLS technique the nanometric thickness sam-
ple is optically illuminated from above by a visible spec-
tra diffused light illuminator at an optimal oblique angle
f¢c to obtain best contrast scattered evanescent light im-
ages features. The backscattered light intensity images
are captured by a wide field optical microscope equipped
with a CMOS camera connected to a computer for ana-
lyzing the required 1D, 2D, and 3D thickness profiles of
the deposited patterns and even their internal structures.

2. Optical measuring procedure

In this investigation, images of photodeposited bio-
chromophores nanolayers on polymethyl-methacrylate
(PMMA) were captured by an optical microscopy sys-
tem schematically shown in Fig. 1. To evaluate the
z-thickness profiles of the deposited nanometric layers
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Fig. 1. Schematic illustration of the microscope setup:
1 — z-stage, 2 — z—y shifting holder, 3 — substrate
with deposited material, 4 — p-polarizer, 5 — LED
lamp, 6 — scattered light distribution, 7 — zooming
microscope, 8 — optical density filter, 9 — CMOS cam-
era, 10 — PC, 11 — PC display, 8§ — angle of beam
incidence on the sample surface.

by DRLS, the sample illumination was supplied by a dif-
fuse white LED lamp. The thickness profiles evalua-
tion by the DRLS method is presented in the following
sections.

3. DRLS technique

3.1. The layers illumination schematics

Figure 2 depicts a thin layer cross-section, where a light
beam hits the sample on the upper air/surface interface
at an angle # and is back reflected and also penetrates by
refraction into the nanolayer. Inside the layer, the beam
can be scattered, reflected and refracted many times by
the nanoparticles before it arrives to the transparent un-
derlying substrate /waveguide where it is finally absorbed
in the black slab interface positioned below the sub-
strate. The z-backscattered intensity I, is proportionally
weaker from thinner layer zones towards the microscope
since they contain less scattering atoms. The optical im-
ages recorded by the microscope from the light scattered
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Fig. 2. Cross-section illustration of the light rays prop-
agating in a thin layer composed of random packed
nanoparticles.

from the layer depends on the deposited material reflec-
tion, scattering and absorbing properties and the degree
of polarization of the illuminating beam such as s- or
p-polarization or mixed polarized light.

Experimentally, we found that under optimal skew ob-
servation angles the optical contrast of the optical micro-
scope images is good enough to observe the nanolayers
particles thickness profiles for various nanometric depths.
The ideal Fresnel equations indicate how much light is re-
flected and transmitted at a surface as a function of the
angle of incidence 6; and the refractive indices of the in-
cidence and transmissivity of the media [9]. The various
optical parameters such as refractive indices of air, de-
posited layers surface roughness, the interfaces between
the particulate grains, transparent substrate and backing
black slab optical absorption and scattering properties
pose a very complex situation for analytical or numeri-
cal solution for the general case [2, 3]. Moreover, light
polarization makes the calculations more complicated for
oblique light incidence onto the various surfaces [4]. The
classical equations of Fresnel for instance predict a nil
p-polarized specular reflection at about ~ 56° incidence
angle for air/glass or air/polymer interfaces, correspond-
ing to the Brewster angle. This angle is thus preferred
for obtaining microscope images with higher contrast of
the backscattered photons from the deposited layer in-
ternal particles/grains vs. the upper and lower interfaces
of the specular reflection from the nanolayer and sub-
strate. At such an optimal incidence angle <, a maxi-
mum fractional power mode of scattered light I, /Iy to-
wards the microscope objective is usually attained from
the illuminating beam impinging on the sample surface
providing best height contrast images. This kind of dif-
ferential scattering contrast phenomenon is encountered
well by any observer who checks the cleanliness of eye-
glasses optical surfaces for any greasy or nanoparticulate
deposition by checking them at an appropriate grazing
illumination angle with respect to the glass surface.
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In the DRLS model it is assumed phenomenologically
that the scattered power from the material deposited on
the transparent substrate/waveguide depends in a first
approximation to the number of deposited nanoparticles
on the substrate surface, similar to the assumption in the
DELI model [5-8, 10]. In the bare, non-deposited areas of
the flat substrate surface, an almost complete transmis-
sion occurs by down refraction of the illuminating beam
and very little light emerges up due to the black absorb-
ing slab placed underneath the transparent substrate.

The perpendicular optical image of the emanating
scattered light I, from the deposited layer on top of
the transparent substrate/waveguide through its upper
face is captured by a zooming microscope, type Leica
Wild M3Z equipped with a CMOS camera, with spec-
tral peak response at 555 nm wavelength. By the DRLS
method, from the 2D nanolayers images captured by
the CMOS camera, the normalized integrated optical
density (NIOD) is obtained by integration over an ap-
propriate image area and normalized into an effective
gray level, i.e.

[ D(z,y)ds

NIOD=% .
Dmaxs

D(z,y) is the gray level value of each pixel (0-255), S is
the area of the sampled 2D zones surface and Dy,.x is the
maximum gray level in the image. Using the phenomeno-
logical model to be described in this work, the NIOD pro-
file can be transformed into nanometer layers’ thickness
by an independent calibration method or knowledge of
the material scattering properties as shown below.

3.2. Mathematical model

The model assumes that the normal or z-axis backscat-
tered light intensity from the particles in the deposited
layer on the waveguide x—y plane captured by the micro-
scope camera I, (z,y) = I, is given by Eq. (1):

Iz (‘T,yaz)det :n(xayaz)IO(xayvz)' (1)
I (2,y,2)4, 1s the signal at the camera detector,
n(x,y,2) is a z-direction beam fractional backscatter-
ing power with respect to Iy from the point (z,y,2)
normally towards the microscope objective. Denoting
here by R the upper surface reflection constant, we as-
sume phenomenologically, similar to the DELI model,
that the elemental z-directed differential scattered light
intensity dI,(x,y,z) from the nanoparticles layer to-
wards the detector of the microscope is proportional to
v x (Io (z,y,2) — I.(z,y, 2)) leading to the following dif-
ferential equation:

%IZZ =7 ((1 —R)Ipe™** — I, (z,y, z)) . (2)
v is a parameter describing the normally (z-axis only)
backscattered light intensity yield of the photons pen-
etrating from the top surface into the deposited mate-
rial on the substrate. « is the total optical absorption
constant of the deposited layer material. Integrating
Eq. (2) across the deposited layer from z = 0 to its film
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thickness contour profile z = h(x, y) at any point (x,y) on
the substrate, with the z-interface light intensity bound-
ary value I, (z,y,0) = 0 gives the following solution:

—(1— _ T [ aeh(zy) _ o—vh(zy)
Lizy) = (1 R)Io(m,y)W_OZ(e e )

(3)
Io(x,y) is the illuminator beam intensity on the top sur-
face of the sample, see Figs. 1 and 2. In particular, for
a homogeneous surface illumination Iy (z,y) = Iy when
the visible optical absorption spectrum of the material is
negligible, a condition often met in organic thin layers,
Eq. (3) gives a simpler solution similar to that obtained
in [5, 10] for the DELI evanescent illumination case

L(z,y) = (1 - e—vh@’w) (1-R) Io. (4)
Moreover, for small vA < 1 and neglecting reflection,
R ~ 0, which are experimentally appropriate conditions
for our deposited polymer layers in this work, one can
further approximate Eq. (4) by a simpler linear Eq. (5):

(o) = (30 = 5 60+ § G0 ) Tofo) ~ b

()
The constant v can be determined experimentally by cal-
ibrating areas with known thicknesses of the deposited
material using AFM or other nanothickness measur-
ing methods using the following relation obtained from
Eq. (4):

1 I (2, yr)
T h(xrvyr) = <1 * Iy ) ’ (6)

h(xy,y,) are, independently measured specific calibra-
tion points thicknesses at locations (z;,y,) in the sample
and I, (z,,y,) is the backscattered light intensity from
these surface points, normally towards the microscope
objective

h(z,y) = %m <<1 L%’y)>4> _
_%m (1 - (1(;;0@,))) . o

v can be further modelled also as an optical prop-
erty involving the mean single particle optical scattering
cross-section o, and the volume number density of the
particulate scatterers Ng in the deposited layer. This
was done previously for the DELI evanescent technique
in [10], which uses the same scattering model and allow-
ing us probing the particles nanosize structural size using
Eq. (8):

7 =0s X N;. (8)
The optical image density measurements from the micro-
scope gives us the normalized integrated optical density
and since 7 (z,y, z) from Eq. (1) is proportional to NIOD
we can write

NIODQ(hQ) - @ o

1— e h 9
NIODl(hl) - m o 1—e 7’ ( )

Measuring the NIOD’s ratio for any two h; in Eq. (9)
one can extract the = factor of the material deposited
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material and from it constructing the thickness height
profile of all the observed surface. In fact for thin layers
vh < 1 one can observe that a first approximation exists

NIOD,(hs) _ ha
NIOD; (k1) ~ hy’

thus knowledge of one thickness e.g., hy by calibration,
helps calculate any other height hs on the surface.

4. Details of samples preparation

Chl-a and anthocyanin chromophores extracted by
ethanol from red rubin ocimum basilicum (RROB) plant
leaves [11] were used in photodeposition experiments of
nanolayers onto PMMA, i.e., polymer (C5HgOs),, sub-
strates. Red leaves of RROB are shown in Fig. 3a. The
leaves were macerated and chromophores from the slurry
samples were solvated in 2 different solvents using batches
of leaves, 10 g each, in (A) 30 ml distilled HoO, and (B)
30 ml of > 96% ethanol in water. Figure 3b shows the
green color Chl-a chromophore obtained in solution B
and Fig. 3c — the red color anthocyanin chromophore
obtained in solution A.

The solutions were used for photodeposition proce-
dures on PMMA substrates using laser irradiation of
blue—violet line, A = 405 nm. Only the Chl-a solution
irradiation resulted in a photodeposited layer while the
anthocyanin solution B created thin layers only by dry-
ing the solution drops on the PMMA substrates. Us-
ing FTIR we realized that the deposited layer consisted
only of PMMA polymer. 5 deposited dots 1D and 2D
profiles obtained by the blue-violet laser photodeposi-
tion from solution type B through a proximity mask
with circular apertures, each of 3 mm in diameter, for
deposition times in the range of 20-320 s are shown

Fig. 3. (a) RROB leaves, (b) cuvette with solution B
containing Chl-a, (c) cuvette with solution A containing
anthocyanin molecules.
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Fig. 4. (a) Top 2D image of 5 deposited dots obtained

through a proximity mask with circular apertures, each
of 3 mm in diameter, obtained by increasing the depo-
sition times in the range of 20-320 s with a blue—violet
laser of A\ = 405 nm wavelength; below the top image
is the dots averaged 1D thickness profile cross-section
plot vs. distance on the same substrate. (b) The 5 dots
thickness vs. fluence plot for the blue-violet laser for
obtaining the extrapolated fluence threshold values Fip
for the blue and green lasers.

in Fig. 4. These time periods correspond to a fluence
range of 0-150 J/cm?. The thickness profiles of the de-
position patterns were recorded by capturing images of
the optical density obtained from the microscope cam-
eras and the absolute nanometric thicknesses were cal-
culated by the DRLS technique, calibrated from inde-
pendently measured absolute values, by scanning elec-
tron microscopy (SEM). The deposited dots average di-
ameters and also their average film thicknesses increase
for longer times of photodeposition. The threshold flu-
ence obtained for the blue—violet laser by extrapolation
is about 2.7 J/cm? as shown in Fig. 4b.

5. 3D morphology investigation
by DRLS and SEM

The DRLS technique enables one also to present syn-
thetic 3D profiles images constructed from the 2D mi-
croscope optical images using image processing pro-
grams [12, 13]. For instance, Fig. 5b and Fig. 6 show
3D nanoscopic details of a smaller sampled area from the
2D image in Fig. 5a. At the periphery of the dot at higher
optical magnification a comb type surface deposited pat-
tern with linewidths of about ~ 20 pm (Fig. 5b) dis-
plays the blue—violet laser diffraction fringes originating
from the narrow illuminated aperture during the pho-
todeposition. These line patterns appear better resolved
at the dot edges zones where the photodeposited material
is thinnest. The diffraction fringes deposited patterns
obtained in Fig. 5b show that the best line resolution
observed was about 20 ym. However, the lines resolu-
tion bottleneck was probably limited only by the rela-
tively simple optical system resolution capability used.
The theoretical line feature resolution d based on the
Rayleigh criterion [14] gives for the optical system ex-
perimental photodeposition parameters such as: distance
to the mask aperture of L = 24 mm, illuminated mask
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(a) Optical microscopy image of a photode-
posited PMMA dot. (b) Expanded magnified image of
the yellow square zone in (a) showing peripheral fringes
caused by light diffraction.

Fig. 5.
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Fig. 6. DRLS synthetic image processed from a sample
of the image shown in Fig. 5b.

aperture radius b = 1.5 mm, and laser beam wavelength
A = 405 x 107% mm, a value quite close to the experi-
mental result shown in Fig. 5b, i.e.:

-6

d:2><L><1.22><%:2><24><1.22><405><1105 =

0.0158 mm = 16 pm.

For comparison purposes of the DRLS results, Fig. 7
shows typical SEM micrographs at 2 magnifications of
the morphology of a similar photodeposited dot layer
structure. The images reveal here elongated fibers,
lightly twisted with a parallel orientation. The fibers
have a mean line width of about 10 pm corresponding
closely to the results from the DRLS optical investiga-
tion shown in Fig. 5 and Fig. 6.

Optical microscopy was performed also for a typical
dried drop of anthocyanin red solution A (see Fig. 2¢) on
a clean PMMA substrate. The as obtained optical DRLS
layer morphology shows here also a similarity with those
obtained from SEM images (see Fig. 8).
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Fig. 7. (a) SEM image of photodeposited PMMA
fibers, (b) enlarged image showing anthocyanin strands
on the PMMA fibers.

Fig. 8.

(a) Optical microscopy of a dried drop from so-
lution B and (b) SEM image of comparable morphology
obtained from the layer in Fig. 4 photodeposited dur-
ing 320 s. The branched needle forms on the top are
anthocyanin residues meandering forms layers onto the
PMMA substrates.

The experimental value v = 0.974 x 10° cm~! obtained
in this investigation for PMMA deposition by DRLS is
very close to the value v = 0.779 x 10° cm~! obtained by
the DELI method for nanopolyethylene (PE) layers [10],
hinting that in both cases the optical extraction mecha-
nism is the same z-directed light scattering phenomenon
behavior in organic-dielectric class materials.

6. Discussion and conclusions

The DRLS diagnostic technique, based on capturing
images of the z-axis optical field scattered by the parti-
cles nanolayers at maximum contrast is sensitive enough
for evaluating nanometric layers up to about 200 nm. It
has an advantage over optical transmission microscopy
that the optical field observed perpendicular to the sub-
strate surface, has an excellent dark background contrast
at a particular oblique illumination angle enabling very
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sensitive z-direction optical microscopy nanometer thick-
ness depth evaluation. This technique is an extended
complementary method of the evanescent technique
DELI in optical waveguides, developed previously [5], ap-
plicable now also to nontransparent substrates. The tech-
nique is much easier, economical and non-destructive to
use for nanometer films profiling as compared to sophis-
ticated though very expensive scanning methods such as
SEM, AFM, SNOM. DRLS is also advantageous for mor-
phology diagnostics of large areas where needed such as
in industrial applications.
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