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ABSTRACT

Nanometric profiles of sputtered ultra-thin Pd layers with thicknesses in the range 1 - 10 nm were investigated by cap-
turing the leaking evanescent light from optical waveguides. The Pd films were deposited by sputtering on glass sub-
strates also serving as light waveguides. Calibrating the thickness values for the ultra-thin Pd films obtained from the
sputtering rate combined with the DELI estimation technique, gave detailed 1D and 3D morphological nanometric pro-

files of the deposited layers.
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1. Introduction

In this work we used the optical microscopy technique
named Differential Evanescent Light Intensity (DELI) to
investigate nanostructures profiles of Pd sputtered thin
films in the ultra-thin thickness range of 1 - 10 nm [1].
DELI is an optical evanescent waves microscopy tech-
nique based on capturing the light extracted by nano lay-
ers deposited on a substrate which also serves as a wave-
guide [2,3].

The DELI technique used in this investigation is a far
field optical microscopy measurement technique devel-
oped to achieve a high resolution for nanometer profiles
investigations albeit only into the depth, i.e., z-direction
of the samples surface [1-4]. The technique is based on
the phenomenon of Total Internal Reflection (TIR) [5,6]
at interfaces where evanescent waves occur. This tech-
nique has the advantage that the far field image does not
include external transmitted or reflected light beams. In
fact we rely on the “evanescent light extraction power”
of the nanoparticles and nanolayers deposited on a sub-
strate which also serves as an optical waveguide. The
TIR phenomenon occurs when light passes from an opti-
cally denser medium with refractive index »n; which is the
waveguide, into a less denser medium with 7, such as air.
The depth, z-axis light beam evanescent intensity varia-
tion in the vicinity of the boundary interface between the
two media is given by [5,6]:
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where the evanescent characteristic “penetration depth” d
into the air above the waveguide is defined by [5,6]:

d — ﬂ’vﬂc (2)
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Avae 18 the vacuum wavelength of the light beam used
in the waveguide, 6, is the critical TIR angle and
6 26, is the angle of light beam incidence upon the
waveguide surface. Thus for example, the characteristic
penetration depth of the evanescent field for

A =555nm from a glass waveguide with n; = 1.5 into
the air is d = 79 nm.

The DELI technique provides an excellent contrast for
the layer optical emissivity vs. dark background, ena-
bling nanometer thickness z-profiling by a simple optical
densitometry technique, as compared to SEM or TEM
microscopy which requires vacuum chambers. The DELI
morphology observation technique is also much easier,
non destructive, usable in air and more economical for
nanometer films profiling as compared to Electron Mi-
croscopy or even Atomic Force Microscopy (AFM) since
it is better suited also for morphology mapping of large
areas as required in industrial applications.

The morphology of the nano-structures observed by
DELI in this work with high z-axis resolution sensitivity
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(thickness) gives 3D and 1D profiles of Pd nanofilms in
the extremely low thickness range of 1 - 10 nm.

2. Deposition Experimental Procedure

For PD nanolayers deposition, a sputtering system run at
a vacuum of 1 mTorr was employed, and the mean de-
posited thickness d,,, was calculated according to a

calibrated procedure by Equation (3):
dyp =K, -1, V-t 3)

sputt

where K,, is the Pd calibration material constant, /, is the
plasma current, V' is the voltage applied and ¢ is the depo-
sition time.

A 10-mm stripe width aperture mask was positioned
on top of the glass deposition substrates to obtain 6 stripe
areas with various thicknesses in the range of 1 - 10 nm.
The glass substrates used were borosilicate microscope
slides with dimensions of 75 x 25 x 1 mm. K,, was
0.17 x 107" when 7 was measured in mA, V in kV, ¢ in
seconds and d_,, in nanometers. The source material
was Pd of 99% purity and the sputtering rate used was
typically 0.255 nm/s.

3. Nanometer Pd Films Profile Evaluation by
DELI

The Pd stripe thin films profiles on the glass surface were
observed directly by an optical microscope [1-4], obtain-
ing characteristic parameters of the evanescent field via
the DELI phemenological model [1-4]. The visible im-
aging light beam in the spectral region of (400 - 800) nm
coupled into the waveguide was supplied by a GE-Thorn,
Quartz Halogen lamp, model DDL, in a fiber illuminator,
type Volpi AG, with an integrated output light intensity
of I, = 3.75 W/em? at the fiber slit type tip. The evanes-
cent emanating light from the material deposited on the
waveguide upper side was captured by a microscope,
type Leica Wild M3Z equipped with a CCD camera, with
a peak spectral responsivity at 555 nm enabling magnifi-
cations of X(65 - 400).

The 2D optical density images were captured by the

microscope camera and processed by Computer Image
Processing techniques to be displayed finally by 3D per-
spective images as shown in Figure 1 for 2 typical Pd
samples with different average thicknesses. In Figure 2,
6 typical 2D square area sampled images of Pd nanolay-
ers and their mean typical 1D thickness profiles are
shown. For each sample, the 2D image of the deposited
film has a gray value spatial variance D(x,y) which can
be related to the evanescent light intensity /(x,y) captured
by the camera, which approximately follows the nano-
meter thickness profile variation, (z-axis direction) over
the deposited area. In Figure 2 below the 2D square zone
images with areas of (520 x 520) um’ the 1D x-direction
thickness profiles of the 2D areas obtained by averaging
over the y-coordinate are shown for the 6 nanolayer
samples with mean thicknesses in the range of 1 - 10 nm.
One may observe that the thickness increases from left to
right corresponding to the direct thickness calculation
using Equation (3) during the deposition, i.e., the lighter
areas have higher thicknesses. The utmost right dark
square is the non-deposited zone image.

To evaluate the relative and absolute surface nanopro-
files thicknesses of the various samples in the z-direction,
the mean Normalized Integrated Optical Density (NIOD)
was measured experimentally from the images of the
deposited zones shown in Figure 2, being defined as:

[[D(x,v)-ds TD~H(D)dD
NIOD =-£ =2

S “
where D(x, y) is the gray level value of each pixel
(0-255), S is the sampled image area and H(D) is the im-
age histogram i.e., the number of pixels per gray level.

To calibrate the NIOD to absolute thicknesses values
we used the Pd6 sample with the greatest thickness
which was obtained by a sputtering rate of 2.55 nm/s,
giving a nominal thickness value of 10 nm. The graph in
Figur e 3 shows the nanolayer thickness calculated points
(asterisks) from DELI evaluation and the solid line from
the sputtering deposition Equation (3) vs. time of deposi-
tion.
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Figure 1. DEL| 3D perspective images of a Pd sampled areas of (520 x 520) pm? with mean thickness of about (a) 4 nm, (b)

10 (nm).
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Figure 2. 2D images of 6 Pd sampled areas profileswith thicknessesin therange 1 - 10 nm. Below the 2D images, as captured
by the camera at x65 magnification of the microscope, 1D profile plots of the sampled areas ar e shown. The sampled 2D zones
have an area of (520 x 520) pm?. The utmost right black squar e isthe non-deposited zone image.
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Figure 3. Plots of the nanolayer thickness vs. time of deposi-
tion from DELI evaluation (asterisks) (*) for the measured
samples and from the sputtering rate of deposition equation
Equation (3) (solid line).

4. DELI| Photon Extraction Model

In the DELI technique it is assumed that the evanescent
light optical power extracted from the waveguide de-
pends on the volume number density of the deposited
nanoparticles on the waveguide surface. In the non-de-
posited areas, complete TIR occurs for the light propa-
gating inside the waveguide and no light emerges, see
utmost right darkest square in Figure 2. However, the
nanometer particles deposited on the surface scatter the
light of the evanescent waves in proportion to their
number density, up to an effective distance from the in-
terface when the photon-material interaction due to regu-
lar optical absorption becomes too strong. The evanes-

Copyright © 2013 SciRes.

cent waves measurements enable thus the observation of
the spatial depth z-profile of the nanolayer on the wave-
guide when the optical absorption of the nanolayer is very
small.

In our experiments we used the evanescent wave ex-
traction power of the Pd nanomaterial deposited on the
glass substrate to obtain its 3D profiles and also particu-
lar or mean 1D depth profiles. Assuming that the mate-
rial consists of an aggregate of spherical particles on the
waveguide surface and that the evanescent light intensity
in the air close to the waveguide is perturbed by the de-
posited particles and extracted by tunneling or scattering,
the evanescent light intensity 7, (x, y) arriving at the
CCD detector is given formally by [1,2]:

Iz(st’)ZU(x’J’)'Io (5)

where [, denotes the optical field intensity at the wave-
guide/material interface and 7(x,y) is the photon ex-
traction efficiency of the deposited material from the
light field propagating within the waveguide at any in-
terface point (x,y). » contains the physical mecha-
nism of the material-photon extraction power depending
on the interaction between the evanescent photons and
the deposited particles on the waveguide. Assuming a ge-
nerating model function g(x,y,z) we write for
n(xy):
2=h(x,)

n(xy)= [ glxy.z)d (6)
where h(x,y) is the nanolayer thickness at point (x, )
and the value of 7(x,y) can be determined experi-
mentally from the (x,y) plane spatial light intensity
distribution measured by the microscope camera.
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The model generating function g(x, y,z) , may be de-
rived in principle from an appropriate physical mecha-
nism relating to the photons extraction mechanism from
the waveguide. Assuming the evanescent intensity scat-
tering mechanism by the nanoparticles is such that the
fractional light scattered intensity from the layer in the
z-direction, ie., dI,(x,y)/dz is proportional to the
evanescent field intensity, we obtain the following dif-
ferential equation describing the scattered evanescent
field intensity at the camera:

dr, (x,»)

. = K(x,y,z)lo g el (7)

Here, I,-¢”7" denotes the evanescent field inten-
sity which is an exponentially decreasing function in the
z-direction [5,6]. /y denotes the optical field intensity at
the waveguide/material interface and K(x,y,z) is a
parameter containing the physical mechanism by which
the nano-structured material deposited on the substrate
extracts the evanescent photons from the waveguide, e.g.,
tunnelling, scattering and fluorescence. The parameter
d, defined in Equation (7), differs from d given in
Equation (2), and represents a characteristic penetration
depth of the evanescent field into the nanomaterial de-
posited above the waveguide [5,6].

By integrating Equation (7) in the z direction, through
the nanolayer thickness from 0 to /(x, y) at point (x,y)
one obtains:

h _2z
Iz(x,y,h):J.K(x,y,z)-IO@ 4z ®)
0

Comparing the integrand in Equation (8) with the defi-
nition of the phemenological model function g(x, y,z)
we obtain the following relations:

h _2z
n(x,y,h) =M:IK(x,y,z)~e W dz
]0 0
and

2z
g(x,y,z):e n ~K(x,y,z)

For a simple linear light scattering mechanism from
the deposited particles we can write for K (z) :

K(x,y,z):Na (x,y,z)-o‘s*c (X,y,Z) ©

where N, (x, y,z) is the nanoparticles concentration in

(cm?)and o, (x,y,z) is the evanescent scattering cross
section of the particles in (cm?).

For the simple case of constant particles volume con-

centration N, and evanescent cross section o, the in-
tegration of Equation (8) using (9) gives:

Copyright © 2013 SciRes.

L(x..2) =%o; N, dyd,,(1=e7) - (10)

Consequently, the normalized light intensity spatial
distribution which is the optical response of the CCD
camera measuring the evanescent scattered light intensity
has the form:

I(x,p,h) 1 .
U(x,y,h):T:EKd-(l—e”’)
With
K=o.-N, and y"' =d, /2 (11)

We note that in Equation (11) the parameter d,, = 277!
is an “effective” depth value related to the interaction
range of the evanescent field with the nanoparticles de-
posited on the waveguide.

From Equation (11) we obtain at two points (x,., yl.)
with i=1,2 with two different thicknesses #4,,4, the

m; -
7 :%Kd-(l—eﬁ‘h‘) and 7, :%Kd~(l—e’y"’2) (12)

We showed in [2] that the NIOD of Equation (4) is
approximately proportional to the average thickness of
the imaged zone and also to 7, hence using Equation
(12) one obtains the following ratio for the NIOD,’s and

;-
NIOD, (k) p, (1-¢7)

NIOD, (i) m (1-e7 ) (%

For absolute thicknesses calculation, rather than using
relative thicknesses values, /; or 4, can be calibrated by
independent techniques such as spectrometry, SEM,
AFM or mechanical nanoprofilometry. In this way, ab-
solute values for thickness /(x,y) spatial profiles can
be derived from the experimental NIOD values and if »
is known [1-4]. Also, given the absolute thickness value
of h,one can calculate other thicknesses /4, of the nano-
profile from Equation (13).

5. Results

The “effective” penetration depth parameter d, =2y
was determined experimentally as follows: A parameter k
is defined as:

ke=n,/n, (14)

For any two points with thicknesses /4, > A, and for £
> 1, using Equation (12) with a tolerance set at
-7(h=ly)

e .
<1 we obtain:

kf(k=1)~e™ (15)
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Then, the following estimation for the y value can
be obtained from Equation (15) using the experimental
ratio k in Equation (15) by:

y~h 1n(k(k—1)‘1) (16)

For the Pd nanolayers investigated in this work, the 7
mean experimental value obtained using Equation (16)
from Figure 2 is given in the first row and column in
Table 1, together with additional parameters related to
Pd and other materials i.e., In and a-Au investigated pre-
viously [4]. In the second row, the effective penetration
depth d,, approximated by 27 ' is given.

Regarding the mechanism of the evanescent wave ex-
traction, many authors [5,6,10-13] assume that the
molecules dipoles deposited on the planar interface are
responsible for the evanescent photons scattered from the
deposited layers. The maximum number of dipole mole-
cules per unit volume N, can be estimated by the follow-
ing equation [14]:

Nop

N, == (17)
where N, = 6.022 x 10> [atoms/mol] is the Avogadro
number, p is the material density in [g/cm’], and M is
the molecular mass in [g/mol]. The material density p
and molecular mass M of Pd as well as the results ob-
tained from Equation (17) for the number of molecules
per unit volume N, are given in Table 1.

Table 1. Evanescent photon extraction parameter 7, the
material density p in [g/cm?], the molecular mass M in
[g/mol], maximum number of molecules per unit volume N,,
effective scattering cross-section a; for Pd in this work,
and for a-Au and In from Ref. [4].

Material Pd In" a-Au”
7 ,%10°cm’! 10.54 2.65 2.84
d,=2 7", nm 20 76 70
o, , 107" em’ 15.5 7 48
h, range of measured
nanofilms thicknesses, nm, 1-10 2-30 34-85
p,gem’ 12.02 73 19.3
M, g/mol 106.42 114.8 197
N,,x10%, atoms/cm’ 0.68 0.38 0.59
Atomic Number 46 49 79
Atomic Radius, pm 139 142 136
o _ - a=3.25, _ o
Unit cell Parameters, A 2~ 3-89 c=494" 247 4.08
03
Unit cell volume, A 58.86 52.18 67.85

“From Ref. [4], “From Ref. [7], " "From Ref. [8], ~~ "From Ref. [9].
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The material optical absorption coefficient « is usu-
ally related to the absorption cross-section o, and the
concentration of the light absorbing particles N, by the
following equation:

a=0,-N, (18)

Similarly y can be described also as a product of an
effective scattering cross-section o, of a volume con-
centration N, of light scattering dipoles by:

720';-Na (19)

Thus, using Equation (19) and the number density of
molecule dipoles per unit volume from Equation (17),
can provide an estimation for the “effective” evanescent
scattering cross-section o of the nanometer particles
for the Pd nanaolayers as given in Table 1. Comparing
(19) with (9), we observe that ¥ is a function of K and
the experimentally obtained » given in Table 1 is the
mean value averaged over the area S and thickness % :

h
}7=$:‘;dz”1<(x,y,z)dxdy

6. Discussion

It is of interest to compare the results obtained for Pd
with the previous results for other metals such as a-Au
and Indium [4]. The specific gravity and atomic masses
for a-Au, Indium, and Pd as well as the results obtained
from Equation (17) for the number of atoms per unit
volume are given in Table 1. As seen in Table 1, the
number of molecules per unit volume N, increases from
In to a-Au and Pd as does y, thus the number of excited
dipoles assumed in the dipole scattering model is ap-
proximately proportional to the molecules volume den-
sity of the material deposited [11-13]. However, we ob-
serve that the “effective” scattering cross-section, o,
does not follow the y» monotonic increase with N, but
rather decreases monotonically with the materials mo-
lecular weight M. Thus while a higher y value suggests
a greater graininess of the material aggregation structure
on the surface, o, relates to the higher intrinsic eva-
nescent cross section for materials with lower molecular
mass.

7. Conclusions

We used the nanometer optical profile diagnostic method
DELI [1-4] to obtain the “mean effective” evanescent
light extraction parameter y of the Pd nanolayers de-
posited by sputtering. The results were compared with
previous data on a-Au and Indium, showing the particu-
lar dependences of the “effective” extraction depth eva-
nescent parameter d, =27 ' on the number of dipole
molecules per unit volume N, and the scattering cross

MSA



Palladium Ultra Thin Layer Profiles Evaluation by Evanescent Light

section o, with the molecular weight M.

The DELI z-profiling optical microscopy method

proved highly sensitive enabling the observation of Pd
nanofilms thickness profiles variations in the range of 1 -
10 nm, providing at the same time information about the
evanescent cross section dependence of the evanescent
scattering by the nanoparticles.
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