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ABSTRACT

Three stainless steel mass standards of different grades each of mass 100 g were studied under normal
ambient conditions by ellipsometry to determine the surface layers formed on them. The studied specimens are
of grades E;, E,, and F;. The factors influencing the thickness of the surface layers were discussed. It was
observed that the thicknesses of formed layers on different mass standards were not equal. The estimated values
of the oxide and water layers range between 1 nm and 5 nm.

1. INTRODUCTION

The Sl unit of mass is the kilogram, defined
as the mass of the “international prototype”, a
cylinder of platinum-10% iridium alloy kept at
the Bureau International des Poids et Mesures
(BIPM) at Sevres, France. This is the only
remaining Sl unit to be defined in terms of a
physical artefact. At BIPM, over sixty copies of
this kilogram have been made [1], the BIPM
routinely uses these copies as reference
standards. Similar prototypes are held by
national metrology institutes (NIS in Egypt
have national prototype kilogram no.58) as
national standards [2].

This standard mass is expensive, and so,
beyond the next stage, stainless steel masses are
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used lower quality reference masses although
the component elements are highly reactive [3].
Instabilities of stainless steel masses arise
through surface effects. The changes at the
surface of an artefact cause changes in the
value of its mass. Also, the change in mass can
take place by the humidity of ambient air. A
number of experiments, both gravimetric and
optical, have been performed to quantify the
effect of humidity on the mass of metallic
artefacts.  Under normal  environmental
conditions, a water adsorped layer is formed on
the surface of solids. The thickness of this
adsorbed layer (nanometer range) depends,
among other things, upon the humidity of the
ambient air [4].
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Fig.(1) Schematic diagram showing the structure of the stainless steel/air interface conjectured.
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In a typical laboratory weighing
environment we might expect that the surface
of stainless steel will comprise the base
material over which, will be a thin coherent
oxide. This, in turn, will be covered with
hydrocarbon contamination and some layers of
chemisorbed and physisorbed water, as shown
in Figure (1). As a result of the different heats
of formation of the oxides of chromium, iron
and nickel, and also arising from the different
diffusivities involved the oxide composition
has a different cations compared with the
matrix, and to maintain conservation of matter,
this implies that the metal layer just under the
oxide differs from that of the bulk material.
Bearing in mind that one monolayer of carbon,
water and oxide at the surface add masses of 9
Mg, 4 pg and 17 ug, respectively [5].

Surface effects on standard weights have
previously been studied gravimetrically and
using different surface analysis techniques,
such as x-ray photoelectron spectroscopy
(XPS), Thermal desorption spectroscopy
(TDS), secondary ion mass spectrometry
(SIMS), time-of-flight SIMS (TOF-SIMS),
Auger electron spectroscopy (AES), x-ray
fluorescence  (XRF), scanning  electron
microscopy (SEM) and ellipsometry [6-12].
Each technique has its advantages and
drawbacks. XPS, TDS, SIMS, TOF-SIMS,
AES and XRF give information about the
composition of the surface contamination
layers. SEM provides  morphological
information of the surface at the nanometer
scale and ellipsometry provides information
about the contamination layer thickness.

Ellipsometry is an accurate and non-
destructive technique for thin film and surface
measurements. When plane polarized light is
reflected from conducting surface, the reflected
beam will be elliptically polarized. The state of
polarization is determined by the ellipsometric
parameters ¥ and A and the fundamental
equation of ellipsometry is expressed as [13]:

p .
p= 2 —tanW el
Ps (1)

p is the complex reflectivity and the
parameters A and W represents the phase

shifts and amplitude changes on reflection
for the parallel p and perpendicular s
components of the electric vector. Thus, if
dip and 9;s are the phases of the p and s
components respectively of the incident
beam and &,p and 9,5 are the corresponding
phases after reflection, then

A= (6rp - ars) - (aip - 6iS ) (2)
Also,
=]
E:
tan¥ = P E
[E_,s] A3)

Where E is the amplitude of the electric
vector and the subscripts have the same
meaning as in Eq. (2).

Optical interference takes place if a thin
film is formed on a substrate. This interference
effect is used to determine the thickness of
formed thin films and multilayers. Starting with
the model ambient-film-substrate, fig.2, where
No, N; and N, refer to the refractive indices of
air, film and substrate respectively. The light
wave reflected at the film surface (primary
beam) and the light wave reflected at the film —
substrate interface (secondary beam) will
interfere. The film thickness d is related to
phase variation (also called the film phase
thickness) B by the relation [13]:
B= ?wz _ N3 sin28,)"z

Where B0 is the incident angle.
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Fig.(2) Optical interference in a thin film formed on a
substrate.
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Fig. (3) optical model for an ambient/thin film/substrate structure.

The reflected and transmitted amplitudes are related to reflection and transmission coefficients by
[14]:

—i 2 i 2 .3 -
ro12 = To1 + tortio Frze 2P + tortig rip ripe ¥ + togtyg riprge F 4 - (5)
And
» B 5 o
to1z = tortiz € TP + tgytig r1p ri2e B + togtyp rigrhe ™ + o (6)

This could be written as

[I‘nl + iz E_izﬁ]

r = B

01z |:1 ¥ rgy Iz E—jZE] @
R [ttlltlz E_iﬂ]

01z |:1 ¥ rog Tz E—EEE] @®

Fresnel reflection coefficient at the air-film and the film-substrate interface for the p and s
component are given by:

S [Nycos B8y — Ngco s 641/
01p = /[NycosBy + Npcos 64] )

rr. = [NzcosBy —Njcos8;]/
imp = /[N3cosBy + Nycos 8] (10)

_ [NpcosBy — NicosBq]y
I'gig = /INgecos 8y + Nycos B4] (11)

o = [Nyeo s 8y — Nycos 3]/
118 = /[N1cosB;1 + Nacos 6] (12)

The angles 6q, 6, and 8, follow Snell's law:
NgpsinBp = NysinB; = Nysinb; (13)

Equations (9)-(12) are used to determine the reflection coefficients rop, rizp, fois @nd riz. Solving
Eq. (7) for B, we can determine the film thickness using Eq. (4)
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2- EXPERIMENTAL DETAILS

The studied three mass standards E;, E, and
F, (classification according to International
Organization of Legal Metrology OIML R111)
are each of mass 100 g [15]. The highest grade
of the studied standard masses is the E;
followed by E, and F; respectively.
Measurements were carried out on the flat
surface of the mass standards using automatic
ellipsometer type PHE-103 spectroscopic
ellipsometer, Angstrom Advanced shown in
figure (4). Oxide and adsorped water layers are
formed on the surface of these artifacts due to
several factors including surface cleanliness,
surface  roughness, composition, ambient

temperature and environmental conditions. In
the present work, the thickness of the formed
oxide layer and adsorbed water layer were
measured by ellipsometry in the range of
wavelength from 400 nm to 800 nm.

Fig. (4) PHE-103 spectroscopic ellipsometer

3- RESULTS AND DISCUSSION

Each of the studied samples was treated as
a system of four components (air, water film,
oxide film and sample). Measurements were
carried out at temperature (19.6 + 0.2) °C and
relative humidity (55.5% + 2%). For a system
with two films, the ellipsometer measures the
thickness of the film directly above the
substrate, then the other film.

The estimated values of ¥ and A of the
three mass standards are shown in figure (5, 6
and 7) and given in table (1, 2 and 3).The data

of all samples show the same behaver .Where
Y decreases by increasing wavelength in the
range 400 nm-800 nm. On the other hand A
follow opposite trend. It should be noted that
the thickness of adsorbed layers depend on
composition, surface roughness and frequency
use of mass standards [12, 16 and17].

It is observed from figure (6) that the
values of the ellipsometric angles ¥ and A for
the mass standard E, where ¥ decreases from
34.25° to 31.74° as A increases from 400 nm to
700 nm and above 700 nm it starts to increase
to 31.97° at 800 nm.At the same spectral range,
A increased from 95.95° to 125.20°.

Estimated values of n and k for the same
stainless steel mass standard E, between 400
nm and 800 nm are presented in table (4) and
Figure (8).

Table (1) values of ¥ and A of mass standard E;.

A (nm) by A
400 35.70 98.57
450 35.62 100.46
500 35.45 101.83
550 35.19 103.92
600 34.93 104.28
650 34.79 106.22
700 34.61 108.63
750 34.64 109.38
800 34.56 111.83
58 Y
Yy 3y g & .

TP E— . .
a S0 Lot o 80

Fig. (5) variation of ¥ and A with the
wavelength for mass standard E;.
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Table (2) values of ¥ and A of mass standard E,.

AM(nm) ¥ A
400 34.25 95.95
450 33.55 102.9
500 32.84 108.25
550 32.30 112.57
600 31.97 115.78
650 31.85 118.66
700 31.74 121.13
750 31.92 122.77
800 31.97 125.20

Table (3) values of ¥ and A of mass standard F;.

AM(nm) Y A
400 34.62 94.18
450 33.89 101.09
500 33.15 106.5
550 32.59 110.65
600 32.24 114.07
650 32.09 117.07
700 31.96 119.53
750 32.11 121.33
800 32.15 123.82

Table (4) values of n, k of the mass standard E,.

Mnm) n k
400 1.12 2.50
450 1.34 2.80
500 1.56 3.10
550 1.76 3.20
600 191 3.33
650 2.06 3.48
700 2.19 3.59
750 2.26 3.71
800 2.40 3.86

Ellipsometric results for the oxide and
water adsorbed film thicknesses and standard
uncertainty are presented for the studied mass
standards in table (5). Each value in the table is
the result of the mean value of five
measurements.
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Fig. (6) variation of ¥ and A with the
wavelength for mass standard E..
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Fig. (7) variation of ¥ and A with the
wavelength for mass standard F1.

400 500 &0 700 800
A
Fig. (8) dependence the optical constants of n,k for
the mass standard E2on the wavelength.

Table (5). thickness of the oxide and water
adsorbed films

Thickness | Standard | Thickness of Standard

sample | of oxide |uncertaint| adsorbed :
film(nm) | y(hm) water (nm) uncertainty(nm)
E; 5.46 0.16 111 0.05
E, 5.10 0.12 241 0.03

Fi 4.63 0.06 2.68 0.06
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4- CONCLUSION

The thickness of contaminated layers
formed on the surface of mass standard were
evaluated. This is to improve the information
about the change in mass standard and
imperative the redefinition of the kilogram. The
thickness of adsorbed water and the oxide layer
was determined by ellipsometry. The obtained
values were found to lay between 1 nmto 5 nm
at the range of wavelength 400 nm- 800 nm at
the ambient {temperature (19.6 + 0.2) °C and
relative humidity (55.5% =+ 2%)}. The
difference in measurement results between the
present study and other studies might be caused
by samples composition and conditions of
measurement. In relation to this, we would also
like to investigate the influence of the surface
roughness and cleanliness on the amount of
physical adsorption of water vapour in the
future.
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