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ABSTRACT

The microcontamination of optical surfaces or optical thin films affects many
of their properties. In this work, we investigated several measurement systems to
detect many types of surface contamination of coatings based on the surface plasmon
resonance (SPR) phenomenon.

The attenuated total reflection (ATR) coupling, also known as the Kretschmann
configuration, excited the nonradiative surface plasmon wave for SPR measurement.
Several microcontamination layers thinner than 10 nm were studied. The results
showed that in all the cases SPR curves shifted to larger incident angles. From the
amount of angle shift, the thickness of contamination was determined with a sensitiv-
ity of as little as one angstrom. The optical constants of those contamination layers
were also derived.

The shifts of the SPR curves served as an index for the efficiency of cleaning
processes. It was found that the contamination by moisture can be removed with Iso-
propyl alcohol by the ultrasonic cleaning process, while acetone was the more effec-
tive solvent in removing the contamination left by strippable coating residue and other
contaminants, However, the low packing density results show that the contamination
layer was roughened by ultrasonic cleaning.

In studies of island-like discontinuous thin layers of Ag, Al, and MgF,, we
found that the refractive index of MgF,, a dielectric film material, slightly decreased

as the thickness decreased, but for discontinuous metal films, the optical constants
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changed rapidly and became more dielectric in nature,

Direct detection of contamination by coating processes in a small vacuum
chamber was also carried out. In a chamber with high backstreaming from a diffu-
sion nump, a broad SPR curve for an Ag film revealed obvious optical constant
changes. Measuring and comparing the shift indicates that a significant amount of
contamination was occurring right after the coating was completed. This suggests that
for good evaporated optical thin films, it is important to have a more tightly con-
trolled evaporation process.

Finally, particulate, as well as layered, contamination can also be measured. A
radiative SPR wave was generated by illuminating a contaminated surface. Similar
radiative SPR waves also can be observed by adding a rough contaminant layer on an

Ag film.



CHAPTER 1

INTRODUCTION

The contamination of optical thin films by unwanted thin layers or particles
during manufacturing, storage and operation produces rejection or causes poor optical
performance. Such contamination may be due to environmental conditions, such as
moisture (Lee, 1983), dust, oil, air pollution (Song and Macleod, 1985), and contact by
biological agents, including humans. It can also be the residue of molecules or parti-
cles from cleaning processes or from strippable coatings for storage (Song et al 1986).
Stowers and Patton (1978) showed that contaminated surface, even after ultrasonic
cleaning and vapor degreasing, still had 11% of the original contamination particles
larger than 5 um, (see figure 1-1). Contaminants on the surface or between coating
layers are known to lower the damage threshold in high power laser systems. Thus,
the existence of very thin layers or particle contaminants by non-destructive optical
techniques must be determined after coating. Use of the surface plasmon resonance
(SPR) method to reveal §/ery thin layers (less than 10 nm) of strippable coating residue

was initiated by Song et al.(1986). The application is further studied here.
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1.1 History

From the fundamental electronic properties of solid state physics, the nonradia-

19

tive "surface plasmon” can be described as the fluctuation of surface electron density

propagating along the metal surface. It is different from volume plasmons (fig. 1-2)
in which the longitudinal density fluctuations propagate through the metal host

volume. The quanta of these "volume plasmons" have an energy

fp = 7 , 4miie? ,
me

where ii is the electron density and m; is the electron mass. Usually the volume plas-
mons have an energy of the order of 10 ev and the "surface plasmons" have an energy

from O to fzwsp, where

fiw
Moy = 75
(Kittel 1976). There are two widely used ways to excite surface plasmons: excitation
by electrons and by light.

(1) Excitation by electrons: Ritchie (1957) first predicted that surface plasmons
could be excited by fast electrons reflected from the metallic surface in the course of
conducting electron energy loss (EEL) experiments. Two years later, Powell and Swan
(1959) confirmed Ritchie ‘s theory in EEL spectra of both Al and Mg. Since then,
the physics of surface plasmon excited by electrons has been studied intensively and
the fundamental properties have been found in good agreement with theoretical con-

cepts (Raether 1980). However, using fast or slow electrons to study dispersion rela-

tions of surface plasmons in the region of small wave vector, k, is not very convenient
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(Swan et al. 1967). This is one of the major disadvantages of the electron excitation
method.

(2) Excitation by photons or attenuated total reflectance (ATR) coupling:
There are two methods to excite the surface plasma wave (SPW) by light, the Otto
and Kretschmann configurations (fig. 1-3). Both require a prism, which is then
known as a prism coupler.

(a). Otto configuration (Otto 1968): Otto was the first to use the frustrated, or
attenuated total internal reflectance (ATR) method to excite the nonradiative surface
plasma resonance (SPR) wave on a smooth silver surface with light. The metal sur-
face is separated by an air or dielectric gap at a distance of about A from the incident
medium of index, ng, a prism of glass or quartz. In visible light, if a prism is brought
near to a metal-air interface, to a distance of few thousand angstroms, the metal-air
interface can be excited optically by the evanescent wave present in the total reflec-
tion to generate an SPW. The excitation is observed as a strong decrease in reflection
of the p-polarization wave for a special §;. Since the air space between prism and
metal is very thin and the metal surface is soft, the metal surface is easily damaged.
This creates experimental problems.

(b). Kretschmann configuration (Kretschmann 1971); In this method, a metal
film with a thickness of few hundred angstroms was deposited on the medium of
index nq (fig 1-3). For a special 6;, the electromagnetic field will decrease exponen-
tially in the metal film and excite an SPW on the metal-air interface. Since experi-
ments with the Kretschmann configuration indicate that it is more convenient than

the Otto configuration, we employed it in the following study.
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1.2 Application of SPR Wave

(A). Optical constant and thickness measurements: Hass et al. (1972), Ordal et
al. (1983), and Lynch et al. (1985) have produced extensive tables of optical properties
of metals from soft x-ray to far infrared (IR) region. However, for different deposi-
tion conditions, different film thicknesses, t, or different wavelengths, A, optical thin
film properties differ. To make these optical constant measurements, a simple method
has been adapted from other branches of optical metrology in which SPR wave are
employed. The SPW technique is particularly suited for the study of the optical con-
stants and thicknesses of thin - tens of nm - metallic films (Lopez-Rios et al., 1979,
and Chen et al., 1981). For example, Jennings (1981) applied this method to measure
the complex refractive index of polystyrene latex, a water-ammonium sulfate solution,
and water in the CO7 laser wavelength region around A = 10 um. Also, Chandler et
al. (1983) obtained the optical constants of an absorbing black powder suspended in a
liquid at A = 3.39 um. In Denmark, Owner-Petersen et al. (1987) employed a piezoe-
lectric stack to control the air gap between a prism and metallic substrate in the Otto
configuration to evaluate the optical properties of several metallic films of large thick-
ness, at A = 632.8 nm and 488 nm. Zhang et al (1988) derived the optical constants of
several dielectric materials (Ta,O,, ZrO,, and SiO, etc.) from the measurement of SPR
curves. Recently, Xu et al. (1989) and Mao et al. (1989) arranged a Kretschmann
configured system to determine the optical constants of Al, Ag, MgFy and magneto-
optical - (TbFe) - films. These examples indicate that the SPR technique can contri-

bute significantly to optical constant measurement.
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(B). Surface contamination measurement: Measurement of the surface contami-
nation of metal films by shifts in the SPR has been reported by Song et al (1986) and
Zhang et al (1987). It was found in their studies that SPR can detect very thin con-

tamination layers less than 10 nm thick.

1.3 New Developments in Surface Contamination Measurement

Our group had alreadv successfully employed SPR to detect surface contamina-
tion (Song 1986). To further our studies and extend their application, several SPR
measurement systems have been recently built. These systems were designed to per-
form:

1. Real time measurements,

2. Rapid measurements,

3. Very sensitive measurements,

4, Imaging measurements, and

5. Remotely controlled measurements.

The details of the systems are discussed in Chapter 3.

In these studies, the surface contamination was detected through the relation-
ship between effect of the reflectance change, AR, and incident angle, 6;. A number
of different types of contamination, such as moisture, silver sulfide tarnish, strippable
coating residues, smoke, oil, different thin metal layers, and particles have been in-
vestigated. The optical constants for some of these unwanted surface layers can then

be derived from the measurements. The results are discussed in Chapters 4, 5, and 6.
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In the case of particle contamination, the results differed from the other contamina-
tions. The resonance curve was broad and shallow, which prevented theoretical simu-
lation. However, if a microscope imaged the SPR plane, the SPW can be observed
directly as radiation when it is coupled into the surface by the contaminant, This
permitted us to study particle contamination by direct observation, as described in
Chapter 7. Finally, backstreaming contaminants and the optical constants of an eva-
porated silver film in a vacuum system were also studied; again, see Chapter 7.

In conclusion, the results show that the SPR phenomenon, also known as atten-
uated total reflectance (ATR), could be miniaturized and optimized as a contamina-
tion sensor that not only images particulates, but determines the optical constants of

layered contamination.
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CHAPTER 2

THEORY

The surface plasmon resonance can be explained by electromagnetic (EM) wave
theory (Raether 1977) and can be visualized by admittance loci on an Argand diagram
(Macleod 1986). In this chapter, we discuss the extension and propagation length of
SPR waves, henceforth SPW’s, and SPW’s on rough and contaminated surfaces in

terms of both EM wave theory and admittances.

2.1 Surface Plasmon Resonance Wave

It is easier to discuss the properties of an SPW (surface plasmon resonance
wave) in terms of electromagnetic waves generated by free electron charges oscillating
along the metal surface. There are two ways to generate free electron charge fluctua-
tions - excitement by free electrons (Raether 1957) and excitement by an ATR prism
coupler (Otto 1968, Kretschmann 1971). Consider a semi-infinite boundary surface
between a metal and a dielectric layer (as shown in figure 2-1a) with dielectric con-
stants ¢, and ¢,, respectively, complex indices, N, = n, -ix,, N, = n, - ix,, respec-
tively, and wave vectors [ky,, 0, k3,1, [Kx,, 0, ky,] for the waves propagating within
each layer. When the SPW propagates in the x direction, the longitudinal electromag-

netic field E, decreases exponentially at |z| -+00 and has its maximum value at z=0 (as
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Figure 2-1. The charges and the electromagnetic field of an SPW propagating on a
surface in the x direction. a). the surface charges of an SPW. b). the longitudinal EM
field in the y direction. (Raether, 1988)



shown in figure 2-1b). To explain this phenomenon, from EM wave theory, the elec-

tric field Ep and magnetic field Hp of p-polarized light are described by

Ep = ('fx,O’fz).t exp [ i( kyx = kzz - wr )] 2-1)

Hp = (0, Hy,O);t exp [ i( kyx * kyz - wr )], (2-2)
where the + applies when z > 0, the - when z < 0, and the imaginary wave vector k,
represents the exponential decay of the field E, in the z direction. The SPW vector

ky will lie parallel to the x direction and the SPR wave will propagate with the wave-

length

We will first solve the wave vector ky from Maxwell’s equations and then discuss

their application. The E,, and Hpj fields must satisfy Maxwell’s equations:

0E
= € B
Vpr e 3t
__109Hp
VxEp-= c at
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and the boundary conditions:

€x1 = €xa

Hyl = HY2

€821 = €8z,

kg, = kxz =ky ,

where ¢ is the dielectric constant of medium.

2.1.1 Wave vector of an SPW

To obtain a solution, we substitute equations 2-1 and 2-2 into Maxwell’s equa-

tions and boundary conditions, and we find that

Kz | Kz

- —2=0 (2-3)

1 2

and that



(k)2 + (ky))2 = €, [%’]z (2-4)

(kx)? + (kg,)% = ¢, [g]z . (2-5)

Further, from equation 2-3, 2-4, and 2-5, we derive the expression

_Qli .
kx-c €, +€, " (2-6)

which corresponds to the wave vector k of an SPW in the x direction. Since the die-
lectric constant of the metal surface ¢, is complex (¢, = ¢ + i¢ ), the wave vector ky is
also complex. The square roots of a complex number can be written (Abramowitz

1967) as

2 2 2 2 -
Vaibi= az+b +aii vaZz+b a.
2 2
If we assume that el" < lel'l for real w and ¢,, and again refer to Abramowitz (1967)
for square roots of complex quantities, we obtain a complex ky = ky + iky

(Kretschmann 1971) with
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’ €, €
ky =9 |2 (2-7)
C |€ +¢€,
[ w 61,62 3 61"
kx = - _— . 73 (2‘8)
[+ €, +¢€, 261

To generate the SPR wave, ky’ should be real. From eq. (2-7), for real ky’, one needs
a medium with ¢," < 0 and |¢,’| } €,, which can be a metal or a doped semiconductor.
The internal absorption is determined by ky".

2.1.2 Dispersion relation of an SPW

As we consider the plasmon frequency, w, of a metal, it becomes (Ritchie 1957)

Wy = _“p__ .Il + eKxx (2-9)
|1 +¢€,

where w, is the high frequency mode, w_ is the low frequency mode, and

_ | 4miie? _
wp = l_’"e : (2-10)

is the volume plasmon frequency. At large ky, the second term of eq. (2-9)
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approaches one. Finally, the surface plasmon frequency wgp becomes

wsp = L I (2-11)

|(l +¢,)

as ky — oo. To reduce the plasmon frequency, we can increase the dielectric constant
€, by choosing a different medium. The dispersion relation of the SPR wave appears
in figure 2-2.

When we consider the wave propagation in dense matter we will get the rela-
tionship between dielectric constant and refractive index N (N = n - ix) (Hopf et al.

1985)

2= £ -

Ni= &= 1y, (2-12)
where ¢, is equals to one for air in vacuum, and x, is the real part of the susceptibil-
ity of the medium.

When we substitute the equation 2-12 into equations 2-7, 2-8, and 2-11, the

complex wave vector and the plasmon frequency of the SPR wave become

¢ w | _(n2-k,2)n,2 ;
kx = c ')(nlz—nlz) +n,2° (2-13)

32



33

: w= C'kx

wp —,."-"/""‘

V2

wp { . i e

Viee; < A
[ ~kp ~03A™

e
kX

Figure 2-2. The dispersion relation of nonradiative SPW. (Raether, 1988)
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"W (n,2-x,2).n,2 nK, }
kx =-%- |(n12—1c12) +n,2 | (n2-k2)2° (2-14)

and

% (2-15)

Wp =

When the refractive index of the coupling medium changes from 1.00 to 1.38,
from eq. 2-15 the frequency of the SPR wave changes from .707 wp to 587 wp at

larger ky.
2.2 Extension and Propagation Length of an SPW

(a). Spatial extension of the SPR fields: To determine the spatial-dependence of
the SPR fields, we manipulate eqs. 2-4 and 2-5 and the dispersion relation, ky > w/c
to find the imaginary wave vectors k;, and k;,. The Ep field amplitude of the SPW
decreases exponentially in the z direction as exp (-|kz,z|) and exp (-|kz,z|), respec-
tively, as shown in figure 2-1b. The skin depth of the field in the z direction is z, =
1/(|kz,|) and z, = 1/(|ky,|. From eq. 2-4, 2-5, 2-6, 2-12 and the table of square
roots of complex quantities, we get the skin depth for different media in the z direc-

tion as




D (2-16)

and
|n12-;c12 + 1,2
————-———| ). (2-17)
1 1

For A = 600nm, the indices of silver, aluminum, gold (Schulz 1954) and copper
(Robusto 1981) are Npg = .06 - 3.75i, Na| = .97 - 6i, Nay = .23 - 2.97i, Ngy = .344
- 2.47i, respectively. For media where N, =1.00 and N, = 1.38, with different metals,
the spatial extensions of the SPR field obtained by using eq. 2-16 and 2-17 are shown
in Table 2-1. It shows that the extent of the field in the z direction is further in Al
than in the other metals, N, and N, being the indices of other media.

(b). Propagation length: The intensity, I, of an SPW propagating along the x
direction is proportional to |E2|. The imaginary part of wave vector ky will cause
the intensity to decrease as exp (-2kx"x) in the x direction. From eq. 2-14, the pro-

pagation length, L,, of the SPW after the intensity decreases to 1/e is given by
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Table 2-1 : The calculated results of z,, z,, L,, kg, and Ap for different metals for

different coupler media n,.

Cu Au Ag Al
n, 344 23 .06 97
€, 2.47 2,97 3.75 6.0
ﬁ 7.18 12.91 62.5 6.185
z, (n,:1) 35.63nm 30.35nm 24.55nm 15.90nm
z, (n,:1.38) 32.23nm 28.53nm 23.68nm 15.68nm
z, (n,:1) 213.16nm 266.15nm 345.08nm 557.307nm
z, (n,:1.38) 101.26nm 131.37nm 174.82nm 288.73nm
L, (n;:1) .00153mm .00448mm .03755mm .0097mm
L, (n,z1.38)  .00043mm .00142mm .01283mm .0035mm
Ap 547.5nm 564.7nm 578.3nm 591.4nm

ky (um™?) 11.476 11.126 10.865 10.624



L = "
1ok,
A (@f - ) 1 (2-18)
4" nK, 5

(n,? - k,2) +n,?

J (n,2 - &,2).n,2

For A = 600nm, the propagation lengths L, for Al, Au, Cu, and Ag in different cou-
ples media are shown in Table 2-1. It shows that for Ag, L, = 38um, which again is
longer than for the other metals, Al, Au, and Cu. Thus, Ag is the best metal for the
contamination probe.

(c). Resonance angle of the ATR coupler: Considering the Kretschmann confi-
guration, light from incident medium (N,) coincides with light in the metallic layer
(N,) at an incident angle 6 as shown in figure 2-3a. The wave vector ky,, projected

on the interface between media 0 and 1 in the x direction is

Kxop = J?; 2 sin(6) . (2-19)

When the wave vector ky,, couples with the evanescent wave through the wave vector
ky,, between media 1 and medium 2, the SPR wave is generated in the interface
between media 1 and 2. Here, we have a metal film of thickness t between media 0
and 2, and the wave vector of the SPR wave ky,,, after correcting Ak term, is written

as
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Figure 2-3. a). Transformation of the photons’ wave vector w/c Je_o into wave vector

Ky’. b).Transformation of the SPR wave vector ky into photons by losing Aky to the
rough surface or grating. (Raether, 1988)



Ky 15 = Kxoy = Ak(t)

where AK(t) is a function of the thickness of the metal film that produces zero inter-
nal reflectance (Raether 1988) at the resonance angle. With ky,, given by eq. 2-6, the
wave vector ky,, will totally couple to the interface between media 1 (N,) and 2 (N,).
Thus, the SPR wave is generated. Allowing a maximum 10 % error, we can neglect

the correcting term, and the resonance angle, 6, becomes

(nlz - 'clz)nzz

2 K242
n,* - K40, n,2¢,2n,4
I+

(n

sin(fy) = (2-20)

n, 262+ 02202 - k22

The approximate resonance angles, 6,, of different metals are shown in Table 2-2,

providing an estimate of the resonance angle 6 of the SPW,
2.2.1 Nonradiative and radiative SPW’s

Now we can characterize the different oscillations as follows. Consider that the
incident medium has a real dielectric constant, €, From equations 2-4 and 2-5, when
JeT, w/c < ky, then k,, is imaginary, which results in a nonradiative surface plasmon
resonance wave. On the other hand, when JE; w/c > ky, then kg, is real, which res-

ults in a radiative SPW.
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Table 2-2: The calculated result of the resonance angle  (without correcting the
thickness effect of metal film) and 4, (after correcting the thickness effect of the

metal film) for different metals for different coupler media n, .

Cu Au Ag Al
n, 344 23 .06 97
K, 247 2.97 3.75 6.0
g 7.18 12.91 62.5 6.185
8 (ny1) 46.350 44,530 43,230 42.040
6 (n,:1.38) XXXX XXXX 78.420 69.510

6, (n,:1) 46.66° 44,780 43.27° 42.820
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In general, the SPW vector ky is larger than the radiative wavevector J?; w/c

and the SPR frequency w approaches wsp at large ky, so that the SPR can’t radiate.
There is one way to generate a radiative SPR wave. If the SPR wave propa-
gates along a grating with a constant a, or if the SPR wave propagates along a rough

surface that can reduce its wave vector ky by Aky, ie.,

to satisfy Ky’ < Nyw/c, the SPW will radiate (figure 2-3b).

Kretschmann (1972) pointed out that slight surface roughness is responsible for
the light emission from the surface of thin Ag films. Raether (1984) measured the
root-mean-square height of the roughness on Ag films from the light emitted by the
SPW from the surface; it turned out to be very close to that obtained by the scanning
tunneling microscope. Heitmann et el (1976) and Pockrand et al (1977) also found the
light was emitted from sinusoidally modulated Ag surfaces. The emission intensity
increases in proportion to the modulation height. Those examples are explained by

the radiative surface plasmon effect.

2.3 Admittance Diagram for the Prism-Film SPR System

The admittance diagram is an excellent tool for the visualization and exploration of



optical thin film design. It was thoroughly developed by Macleod (1986). From our
discussion in section 2-2, we found that the derivation of the SPR condition from
general electromagnetic wave theorem was neither easy nor intuitive. Macleod (1986,
1987), employed the admittance diagram to examine the SPR condition in a simple,
fully satisfying manner, I shall apply the admittance diagram in the following discus-
sion to describe surface contamination detection in term of SPR effects.

From the Maxwell’s equations and their boundary conditions, we can derive the

characteristic matrix of a thin film structure as

[Ha] - l:ileinB cosé Hy, (2-21)

where E and H are the tangential components of electric and magnetic fields, respec-
tively, at the interfaces, 6 is the phase shift of the light beam transmitted through the
film, the subscripts a and b refer to the interfaces on either side of the film, and N is
the optical admittance of the film in units of the admittance, Y, of free space
(Macleod 1986). In optics, we can assume that the relative permeability is unity and
the optical admittance Y is proportional to the refractive index. Thus, we define the

optical admittance Y as

Y =

|

= NY,

where Y, is the optical admittance of the free space. Y, = 1/377 Siemens in SI units;
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Y, = 1 in Gaussian units. In much of our work we are interested in the ratios of
quantities rather than absolute values. Such results are unaffected by the absolute
valves of Y and depend only on the ratios. There is an advantage in having optical
admittance numerically equal to the refractive index N in free space units

Y = N free space units . (2-22)
We consider the general case, with light obliquely incident at incident angle 6, on the

thin film system, and with complex Y’s of the thin films N, = n, - i, and substrate

Ny, =np, - i £, are complex. Then, equation (2-21) can be written as

1 _ cosé iSiHS/ﬂl 1
Ea [Y] - |:ir;1sin6 coss || nm Ep (2-23).
where the optical admittance Y at oblique incidence are
1, = N,/cosf, (for p-wave)

7, = N,cosf, (for s-wave) .

From equation 2-23, we can compute the reflectance of an obliquely incident beam at

an interface between media of admittance 7, and a media of admittance Y as
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From this equation, knowledge of the optical admittance Y of a thin film structure
allows us to compute its optical performance. Figure 2-4 plots the isoreflectance and
isophase contours in the admittance loci diagram and shows that the reflectance
becomes zero when the final admittance Y is equal to that of the incident medium.

To solve for Y of a thin film structure, we can compute the matrix product of
equation 2-23. For a multilayer optical coating at oblique incidence with absorbing

media, we can write the general characteristic matrix as

—
aw
| S— |
u
=

coséy  isinép/ny 1 (2-25)
insinéy  coséy Tm

-
Ul
—

where

by = 2—?— Jﬁrz - K2 - ng2sin?f, - 2ingK,,
and the absorbing oblique optical admittance at the films, n,, and the substrate, 7,
have the following relation with the refractive index n and extinction coefficient k at

oblique incidence
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Figure 2-4. Isophase and isoreflectance of the admittance locus. (Macleod, 1986)
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g = an - k2 - ng%sin%f, - 2ink for s-polarization (TE)
- iK)2 . .
Mp = Qﬂi‘)_ for p-polarization (TM),
]

where 6, is the angle of incidence, and n, is the index of incident medium. Finally,
the optical admittance Y of a multilayer can be written as Y = C/B, or, in complex

form as
Y=a+i8.

The reflectance of the multilayer can then be calculated from equation 2-24 as

_ (g - @)*+ 82 (2-26)

R=Goror+ @

On the other hand, the optical admittance of the incident medium 7, at oblique

incident can be written as
flgp = Ny/cost, (for p-wave)
and

Nos = NCOSH, (for s-wave) .
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At oblique incidence, the admittances of the incident medium for the two polariza-
tions, 7,5 and Nop are not equal. This complicates the plotting of the admittance loci
diagram at oblique incidence condition. It has been shown by Thelen (1966) that the
properties of a multilayer are unaffected if all the admittances are multiplied or
divided by a constant factor. We correct the s-polarized admittances of incident
medium by dividing by cos,, so that the modified admittances of the incident
medium become equal: 15 = nyp. As a result, the isoreflectance and isophase contours
of the admittance diagram retain their normal incidence values at oblique incidence.
The modified admittances of the absorbing media at oblique incidence can be simply

expressed by (Macleod 1987)

an - K2 - ny2sin2f, -2ink

g = cost, , and (for s-wave) (2-27)

(n-ir)? . (for p-wave) (2-28)

M = 7

Now we consider the admittance loci for the Kretschmann configuration with
glass as the incident medium and air as the substrate medium. At large 6;’s, greater
than the critical angle 6, the modified admittance for glasses is approximately 1.52
for s- and p- polarizations. An important isophase contour is centered at origin and
has a radius of 1.52. This separates the admittances into the first and second qua-
drants, and third and fourth quadrants of phase shift on reflection, as shown in figure

2-5. From equations 2-27 and 2-28, the modified admittance for the substrate (air)
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Figure 2-5. Admittance locus for dielectric material at incident angles larger than the

critical angle. (Macleod, 1986)




will be positive imaginary for p-polarization and negative imaginary for s-polariza-
tion. As the ¢; increases, the modified admittance of p-polarization moves to origin
along the positive imaginary axis, and the modified admittance of s-polarization
moves from origin along the negative imaginary axis, Depositing a metal film on the
prism (fig. 2-6a), causes the modified admittance of p-polarization to loop away from
imaginary axis, coincide with the real axis and finally stop at the modified admittance
of the bulk metal, as show in figure 2-6b. But when we control the incident angle
and the thickness of the metal film, we can determine where the modified admittance
will terminate. If it ends on the real axis at 1.52, the admittance of the incident
medium, the total reflectance will be zero. Also, figure 2-6b show the admittance loci
for a Ag films, which are very sensitive to §;. By using the admittance diagram and
computers, we can easily find the SPR condition. The results, after adjusting the
thickness of the Cu, Au, Ag, and Al layers to find the resonances angle appear in
Table 2-2. The results are more accurate than that obtained by calculating from the
wave vector method. In the meantime, if we consider the s-polarzation, the admit-
tance starts from the negative imagery axis and moves towards the modified admit-
tance of the bulk metal. So, there is no SPR effect for s-polarzation.

When a very thin layer of contamination is deposited on the metal, the admit-
tance loci are different (see figure 2-7a). The stariing point of the metal locus is
changed by the contamination layer on the positive imaginary axis. Because of the
very large leverage, this small shift changes the locus enormously. But, after adding
an additional tilt of the incident angle, the intersection of the metal locus with the real

axis will shift back to the incident admittance. The effect can be interpreted as a
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shift in the resonance and is shown in figure 2-7b. Thus, we can measure the con-

tamination of the metal layer by measuring the angle shift of the SPR curve.
2.4 Electric Field Distribution

It is important to know the electric filed distribution in a surface plasmon reso-
nance device, and how this electric filed will interact with the contamination layer.
To solve this problem, we combine equations 2-21, 2-23 and 2-25, to get a simplified

equation:

E B
[HZ] = [ c] Ep - (2-29)

From equation 2-29, if we know the electric field intensity Ep, on substrate, and the
matrix elements B and C for the film, we can compute the parallel electric field in-
tensity Epa and the magnetic field intensity H, in the film, ie

Epa =BEp (2-30)

H, = CEp, (2-31).

The electric field intensity normal to the interface Ep, can also be found as
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E. = Hansing,
na — Naz ’

(2-32)
where n, and 6, are the incident refractive index and incident angle, respectively, and
N, is the refractive index of the films.

The electric field intensity of the light passing through the substrate, Eny,, is
calculated from the light intensity in the substrate, defined as the mean rate of energy
flow per unit area carried by the wave at the substrate:

1= 3 Re(EmHp) = § Y, Re(imEmEm)-

[\ 2T

The light intensity at the substrate is equal to I = TIcos(d,), where I is the incident
light intensity and T is the transmittance. If the incident intensity I, is unity, then the

electric field amplitude E, is

E = 27.46 I %ﬂ—i"; (2-33)

. .. . volts . .
where 27.46 is equal to |2/Y0, and Ep, is in unit pf meter in free space. Finally, the
parallel and normal electric field intensities, Epav Ejq, and the magnetic field inten-
sity, Hy, can be calculated from equations 2-30, 2-31, 2-32, and 2-33.
For an Ag film (N = 0.07 - i4.2) at 6, 42.86°, the electric and magnetic field

intensities are shown in figure 2-8. The normal electric field intensity and the mag-

netic field intensity show enhanced values at the outer Ag and air interface. The par-

53



54

E AND H FIELD OF G—-Ag-—Air STRUCTURE
Ag: n=.07 k=4.2 t=51.5nm at 42.86 degree

= 300.90
\ ]
> ]
~— B

1

4 —— H FIELD
8 1 — — E PARALLEL
(L] 200.00 | ------ E NORMAL
Lo )
O ]
o :
¢ 100.00 ] .
LJ ] 1T~ —
— - / ST -
Lo . y

_“4 _ s

0.00 lllllllll|lll|l‘|lTln—l-:‘l’lllll|1llllll|l[T|llr
0.00 100.00 200.00 300.00 400.00

GEOMETRIC THICKNESS(nm)

Figure 2-8. The electric and magnetic field distribution of a G-Ag-Air structure at
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allel electric field decreases faster inside the metal film than in the air, as discussed in
section 2-2, After we deposit a 100 angstroms MgF, film on the silver, the magnetic
and electric fields drop to very low levels at 42.86° as plotted in figure 2-9. But when
we shift the angle to 43.6529, the electric and magnetic fields rise and show enhanced
values at the outer surfaces (fig 2-10). This can be interpreted as a shift in the 6, and
can detect microcontamination on metal films.

Al (N = 0.98 - i6.7) at resonance angle 42.57°, has the same general effect as an
Ag film; see figures 2-11 and 2-12. However, the electric and magnetic fields at the
outer surface are not enhanced to nearly the same degree as are those for the Ag film,
as depicted in figure 2-11. After adding a 100 angstrom MgF, layer to the outer Al
surface, the magnetic and electric fields change very little (figure 2-12). Due to the
sensitivity of electric and magnetic fields in silver layers, it is better to employ Ag

films to generate the SPW for the detection of microcontaminants on metals.
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CHAPTER 3

EXPERIMENTAL METHOD

3~1 Film Deposition

The SPW’s were generated in Al and Ag layers deposited in the Thin Film Lab-
oratory of the Optical Science Center using a Balzers 510 evaporation plant with a
stainless steel belljar 510 mm in diameter and 520 mm high. The chamber was evacu-
ated first by a mechanical roughing pump to 100 mtorr and then further evacuated by
a diffusion pump to base pressures in the 1 X 1076 torr region. Most of the metal
films were deposited at pressures between 1077 and 5 X 1079 torr.

Inside, two thermal resistance sources and one Airco 2700 electron-beam source
are located on the baseplate of the chamber. Ag (Cerac, 1/8" shot, 99.99% purity) was
evaporated from a 5 mm thick Mo boat at a heating current of about 5 Amperes.
Aluminum (Cerac, chips, 99.9% purity) was evaporated from a tungsten coils at a
heating current of about 2 Amperes. The deposition rate was monitored by a quartz
crystal monitor and kept constant during the process.

Right angle prisms (Melles Griot, 40 x 40 x 40 mm, BK -7 glass) served as inci-
dent media, or substrates, for the surface plasmon study. Before deposition, the
prisms were cleaned with reagent grade solvents and blown dry with dry nitrogen gas.

During deposition, the prisms were rotated at 20 turns per minute to promote unifor-
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mity, and the substrate temperature was close to room temperature., The deposition
rate was maintained at about I nm per second to deposit 51 nm of Ag and 12 nm of
Al. By the end of the deposition, the resistive sources had raised the chamber tem-
perature to 20° C above ambient. The coated samples were then kept in the chamber
under vacuum for about another 20 minutes until the chamber, resistance source and

substrate had cooled down to ambient temperature.

3—-2 SPR Curve Measurement

It chapter 2, we showed that when a p-polarized wave propagates from glass
into a metal layer with a certain thickness, at a particular incident angle, 6;, a compo-
nent of the incident wave vector on the metal film plane is coupled to the surface
plasmon mode. This causes the energy of incident wave to be absorbed by the SPR
wave, and less energy is therefore reflected by the glass-metal interface. The mea-
surement of reflectance of the beam from the glass-metal interface as function of 6;
produces the SPR curve,

The basic experimental arrangement for measuring the SPR is shown in figure
3-1a (Song et al 1986). The He-Ne laser (Metrologic ML-660 with a CW power of
0.8 mw) is mounted on the stable arm of a Wild-Heerbrugg model 79 spectrometer
table with an angular precision of 10 seconds of arc. After passing through a Polaroid
polarizer, an EG&G model 125A chopper, and a beamsplitter, which allows us to
sample and monitor the total laser power by a United Detector Technologies UDT-

500D silicon detector, the laser beam reaches the coated prism, mounded at the table
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center. The reflected beam from the glass-metal interface is detected by another
UDT-500D detector and visually observed simultaneously. The reflected signal from
the detector was sent to an EG&G two phase 5206 lock-in amplifier and modulated at
the chopper frequency. The angular scale of the reflected beam was read from a
microscope to increase the precision to 10 seconds of arc. A second, uncoated prism
calibrated the intensity from the internal total reflection.

To calculate §; of the laser beam at the inside of prism, we measured the angles
6, and 8, before and after the prism was set on the table, respectively, The differ-
ence, Ad =0, - 4,, appears in figure 3-1b. The incident angle © at the inside of prism
then can be calculated as

© =450 - sin'l[—(—L——)-Sin A6/2 - 45° ] G-1),
n,

where n, is the refractive index of the prism. Using equation 3-1 and the reflectance
from the lock-in amplifier, we can measure the reflectance, R vs. §; to produce a SPR
curve,

It was found in previous studies (Zhang et al, 1987) that after removal of the
sample from the vacuum chamber, the surface of the coated sample became contami-
nated very quickly during the first three hours by moisture from the air. Thus, the
manual measurement of the surface contamination of metallic films by SPR (as shown
in figure 3-1), which takes about two hours, causes potential errors. Shortening of

the measurement time was necessary to increase the accuracy. This could be achieved

by
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Quick measurement and subsequent data calculation,

Continuous measurement at angles from 36° to 709, or by

Simultaneous measurement of the same area on the Ag film during rotation.
An automatic measurement system was then designed based on these considerations; a
flow chart appears in figure 3-2. The IE488 interface board and PC MATE A/D
convertor are installed in a IBM PC computer. The IE488 board controls the rotation
of a 6 inch Newport 496 rotary table (0.01° accuracy and 0.001° resolution) which
holds the right angle prism and the CCD detector. A HeNe laser (Melles Griot LHR
111) directs a beam through a spatial filter and a collimating lens. This collimated
beam transverses a p-plane polarizer and then couples to the prism, precoated with Ag
on its hypotenuse. The reflected laser beam is then detected by a linear CCD detector
with 1728 13 x 8 um pixels (Fairchild CCD122).

The CCD is modulated by a synchronous generator, constructed by Mr. James
Muller, Optical Sciences Center which is controlled by the PC MATE board. The
analog signals from CCD are sent to a video processor and then to the PC MATE
board for the final A/D conversion. Analog signals between 0 to 2 V are converted to
12 bit - 4096 level - digital signals which are then processed by a computer program.
Each measurement step, including the table rotation, data taking from the CCD, data
reduction, and plotting on the monitor, takes about five seconds. Thus 150 points of
data are taken by this automatic system in only 12 minutes, much less than the time
consumed by the manual measurement system.

To increase the reliability and sensitivity of the auto-measurment system,
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The laser is usually warmed for two hours before taking data,

The total internal reflection was calibrated by measuring an uncoated prism as the
normal background curve,

The laser speckle effect was minimized by putting Scotch Magic tape on the CCD
detector.
Calibration of incident angle can be achieved by measurement of critical angle of the
prism. The accuracy is found to be about 0.01° (36 arcseconds) and the resolution is
about 0.002° (7.2 arcseconds). This result indicates that the auto-measurement system
provides more accurate information about the surface of the metallic film than the

manual system.

3-3 Calculation of Optical Constants

From the discussion of the admittance diagram in chapter 2, we realize that the
SPR curve (reflectance R vs incident angle §;) is related to the optical constants and
the thickness of the metal film and its surface layers. The exact SPR curve can be
obtained from equations 2-24 and 2-25, if we know the optical constants and the
thickness of the metal film. Conversely, we can also solve for the optical constants
and the thickness from the SPR curve.

There are numerous methods for determining the optical constants from a
known curve; they are also applied to the optimization of thin-film designs (Liddell,
1981). Tang and Zheng (1982) devised the statistical testing method which can be

adapted to solve for the optical constants and thickness of metal films from the SPR
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curve. Random n, «, and t are first generated and then entered into the statistical cal-
culation to approach the best solution. This method can find the optimized value at
the global minimum with good reliability and avoid termination at a local minimum,
This was the technique implemented by J. F. Tang and later by D. Y. Song both at the
Optical Sciences Center. But the optimization process is very slow; it can take several
hours on an IBM-XT. My study therefore took a different approach. The uniformly
random n, k, and t values were generated (Press et al, 1986) to find rough estimates
only. I followed this then with a Downhill Simplex (Press et al, 1986) method to
obtain the best solution. The flow chart appears in figure 3-3. Suppose that we mea-
sure m points of the SPR curve and the reflectance of each point is RO(m). After the
optimization process, the merit function FA (the average error function) can be

written as

m
FA= )" Wj [RO() - TR()| (3-2),
j=1

where TR(j) are the results from equations 2-24 and 2-25 evaluated by substituting
m

the solution of each n, «, t value. Wj is the normal weighting factor: Z Wi =1

j=!
(Pelletier et al 1972, Osyczka et al 1984)).

To test the performance of this optical constant calculation program, we took 6
data points from theoretical RO(j) points, with n = 0.07, k = 4.2, t = 51.5 nm. The
range of refractive index n was 0 < n < 4, the range of extinction coefficient £ was 0

< K < 4.5, and that of thickness t was 48 nm < t < 60 nm. After 5 different optimiza-
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tion periods (table 3-1), two sets of solutions were obtained as:
n = 0.07 £ 0.00005, « = 4.19998 + 0,00003, t = 51.50088 + 0.008, FA = 0.00323%,
n = 0.0739 = 0.0002, « = 4.19703 + 0.00006, t = 52.093195 £ 0.06, FA = 0.02815%.
Compared with values originally assigned, n = 0.07, k = 4.2 and t = 51.5 nm, the first
set is very close. The other set has a larger merit function and is somewhat different.
This shows that the program will give us very accurate values of n, x, and t, if we can
obtain accurate measurements. The random search and Downhill Simplex search

methods together provide fast and better solutions.

3-4 Measurement of Contamination Area by Focussed Laser

Beam

The automatic measurement system described in section 3-2 has several limita-
tions. Firstly, we need a rotation table to control the incident angle, which would be
somewhat difficult in an extreme environment, such as 2 vacuum system. Secondly,
the measurements are still not simultaneous; a few minutes are still required to mea-
sure an SPR curve, during which time surface properties could change significantly.

To perform measurements without the rotation table, we focussed the colli-
mated laser beam on the Ag-coated prism surface. The idea was inspired by measur-
ing a nominally collimated laser beam profile after reflection from the coated surface
of the prism near resonance angle. We found the profile has an artifact, a lost pixel at
one point on the CCD array which is fixed as the rotation angle changes (figure 3-4).

Since the laser beam was not perfectly collimated, near resonance angle this particular
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Table 3-1 : The calculated result of FA (error function), n (refractive index), «

(extinction coefficient) and t (thickness) for 5 different optimizations.

FA n K t
Theorem 0 0.07 4.2 51.5 nm
Value 1 0.00543 0.06994 4.2 51.49339
Value 2 0.00338 0.07008 4.19993 51.51275
Vailue 3 0.00088 0.06998 4.20001 51.4965
Average 0.00323 0.07 4.19998 51.50088
Error (%) + 0.00005 + 0.00003 + 0.008
Yalue 4 0.054 0.07409 4.19697 52.03
Value 5 0.0023 0.07365 4.19709 52.15639
Average 0.02815 0.07387 4.19703 52.093195

Error(%) * 0.00022 + 0.00006 + 0.063195




71

3000.00
2500.00
2000.00

1500.00

1000.00

light intensity

500.00

Yogpeaeaggbegnpeseypatoqaoapaeelanrvaaarelaatonnpaatsegrsersnt

0.00 TT T T T T I T
1100.00 1200.00 1300.00 1400.00 1500.00 1600.00

pixel number

Figure 3-4. The profile of reflective laser beam at different incident angles near the
SPR resonance angle.




pixel corresponded to a resonance angle of the SPW. When the beam was focussed
onto the coated prism surface, each convergent beam corresponded to a different inci-
dent angle (fig. 3-5). The reflected beam from the coated surface diverged to the
linear CCD array; the signal was transformed by the video processor pixel by pixel
and then sent to the IBM PC fo‘r final A/D conversion. The digital signal was then
converted to reflectance for the SPR curve,

The incident angle was modified by the critical angle of the uncoated prism (f;
= 41.305° for BK-7). We measured the reflectance of the divergent beam from the
uncoated prism surface with respect to the CCD pixel number. The critical angle 6,
expressed as a pixel number, was determined as the reflectance started to decrease.
For a distance about 12.6 cm from uncoated surface of the prism to the CCD array,
the 13 pm spatial period of the CCD corresponded to a 0.0059° separation. Using

this constant, we can express the relationship between #; and pixel number as
= 41.305° + 0.00599N

where Ny is the separation in pixels from the reference pixel for critical angle. This
calculation provides an error function for incident angle A¢ = 0.00001337°N,.
The successful application of surface contamination measurements by focussed

laser beams will be explained further in Chapter 7.
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3-5 Contamination Area Imaging by 2D CCD Array

Using the one dimensional CCD array to detect the contamination, we can
derive the optical constants and thickness of the contamination layer for a very small
area. To map a larger area, we illuminate the whole region with a collimated laser
beam and use a two dimensional (2D) CCD array sensor to probe the reflected beam
as shown in figure 3-6.

The collimated laser beam source, the same as that shown in figure 3-2, was
directed to the coated prism at §.. The reflected beam was imaged on a Fairchild
(483 x 378 pixels) 2D CCD array sensor (4:3 aspect ratio, 14.4 mm image diagonal)
with an imaging lens. On the detector head, a Peltier-effect thermoelectric cooler
reduced the temperature 20° C below the ambient temperature to decrease the noise.
The detected signal was immediately processed by the integrated Fairchild CCD-5000
video camera. The standard RS170A 30 frames per second video signal was sent to
the Data Translation DT-2851 frame grabber board, installed in an ACER 386 com-
puter for conversion to a digital signal with 256 maximum gray levels and display of
the contamination area image on a video monitor. That image was then manipulated
by image processing software (Image-Pro II from Media Cybernetics) to enhance the
contrast by a technique called histogram equalization (Schowengerdt, 1983) and spatial
filtering. The processed image could be stored on disk or printed on an HP Laserjet Il
printer.

From this system, a signal to noise ratio larger than 20db is achieved and the

resolution of the picture mode is greater than 50% of the contrast transfer function
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(CTF). The spatial resolution of the system is better than 0.08 mm/line as shown in

figure 3-7. We can clearly distinguish a contaminated area. However, a major disad-
vantage is that the optical constants of the contamination surface cannot be deter-

mined by this single angle imaging technique.
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SCALE: |«wwwd =1 mm

Figure 3-7. The layout of the standard optical target employed to determine the con-
trast transfer function for the area CCD array.



CHAPTER 4

CONTAMINATION MEASUREMENT

From the discussion of EM wave theory and the admittance diagram theory in
Chapter 2, the 6, of SPR excitation depends on the optical constants and thickness of
the metal layer. When a prism coupler is employed, 6, must be increased to beyond
critical angle to couple the evanescent wave through the metal layer and generate the
SPW on the interface between the film and the external medium. Similarly, after
adding a contamination layer to the metal film, we need to increase 6 further to
couple the evanescent wave through the metal and contamination layers to produce
the SPW. Thus, after contaminating the metal layer, 0, shifts to larger angles. This
property permits us to detect contamination by measuring the angle shift A, of the
SPR curve.

Equations 2-25 and 2-26 theoretically express the resonance angle shift, Ad,., as
a function of the geometrical thickness of the contamination t.on. An example of
such a layer, MgF,, with index n = 1.38, is shown in figure 4-1. We found that the
resonance angle shift (Ad;) is a linear function of toqp, when togn < 2.5 nm. In this
case, we can easily measure the t;on by measuring Ad,.

In this chapter, different contaminants, moisture, residue of strippable coatings,
smoke, and absorbed layers on metals, were studied by measuring Af,. In the follow-

ing discussion, the contamination ratio is defined as;
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contamination ratio (nm/degree) = toon/A6,

where t¢qp is the contamination thickness from curve fitting and Af, is the total angle
shift due to the contamination. We will use 7 to denote exposure time to the various

contaminants or to the atmosphere.

4.1 Moisture and Silver Sulfide Tarnish Contamination,

Moisture affects the optical performance of optical thin films. Lee (1982) made
a detailed study of the shifts in the optical spectrum to longer wavelengths after
adsorbing moisture. Metal layers not only adsorb moisture but also chemically react

with the air molecules after coating.

4.1.1. Silver sulfide tarnish contamination

The metal surface can oxidize to form a very thin layer of metal oxide after the
sample is exposed to air. For example, on an Al surface, a thin layer of aluminium
oxide always forms immediately after coating (Macleod 1986), and on an Ag film, a
thin silver sulfide tarnish layer accumulates slowly under exposure to the atmosphere
(Burge et al, 1969). Bennett et al (1969) used ellipsometry to determine the thickness
of silver sulfide tarnish films and found t;on was less than 8 nm after a sample had
been exposed to air for 40 days. The optical constants were found to be in the ranges
1.75 < n < 3.25 and 0.1 < & < 0.6, Silver sulfide tarnish films are formed by reacting

with ambient H,S and SO,. In addition, Holland (1970) detected H,S in the residual



atmosphere of a rotary pump, so that pumped gases should be properly exhausted
from the laboratory to reduce the growth of silver sulfide tarnish.

In a study of the contamination layer of an Ag film exposed in air, the sample
was measured in a room removed from any rotary pumps exhaust. The temperature
was about 76° F and the humidity was between 35% to 50%. The SPR curve showed
that the 6, shifted very rapidly in the first three hours, 73;; = 3 hours. The calcula-
tions were shown in table 4-1, and the rate of Af, changed from 0.00366%/hr in the
first 3 hours to 0.00073%/hr after 755 = 6 days. The optical constants of silver sulfide
tarnish contamination are

n = 3.250, £ = 0.012, and t = 0.06 nm for ry;r = 3 hours, and

n = 3.250, £ = 0.0468, and t = 0.50 nm for 7,5, = 6 days.
The low extinction coefficient « of the thin silver sulfide tarnish layer can be expla-
ined by that layer’s discontinuity. The growth rate of the contamination layer is about
0.019 nm/hour for 7,5, = 3 hours and about 0.0035 nm/hour after air exposure for
Tair = 6 days; the contamination by the sulfide tarnish layer is therefore most signifi-
cant in the first 3 hours.

The contamination ratio of the two growth rates is about 5.36 nm/degree and
5.01 nm/degree, obtained by an improved curve fitting calculation and by Ad, mea-
surements, respectively. These two numbers are actually very close. So, measurement

of A, can monitor the growth of tegp.
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4.1.2. Moisture contamination

In addition to silver sulfide tarnish contamination, the contamination by moist
air is also interesting. A sample was put in a moist chamber with a relative humidity
(RH) close to 100 %. The Af, vs. exposure time appears in figure 4-2. Again, the
moisture contamination layer grows rapidly on Ag film in the first few hours of
exposure. The Af; due to the moisture is about 0.011%/hour for the first hour, about
3 times faster than for the sample just exposed to air (tables 4-1 and 4-2). After 3
days, the moisture contamination rate decreased to 0.001°9/hour as the sample rema-
ined in the humidity chamber.

The optical constants of the moisture contaminated layer were determined as n
= 1,202, ¥ = 0.00, and t = 0.43 nm for the first hour in the humidity chamber. The
low n and zero « were obtained because the humidity chamber protected the sample
from H,S and S,0 gas and were mainly contributed by the moisture. But, the total
growth rate of the water-contaminated layer in the humidity chamber is 0.433
nm/hour, about 24 times faster than the contamination rate for the sample just
exposed to air.,

To investigate removal of the moisture contamination layer, we applied isopro-
pyl alcohol (IPA) as a solvent in an ultrasonic cleaner to a sample that had remained
in the moisture chamber for 5 days. The result (figure 4-3) shows that the 6, shifts
back about 0.07° after 5 minutes of cleaning, but the 6. did not return all the way to
its original value. So, IPA ultrasonic cleaning can largely but not completely remove

the moisture contamination on the Ag mirror.
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Table 4-1 : The optical constants, angle shifts, growth rate and contamination ratio of

silver sulfide tarnish contamination,

first three hours

after three days

n 3.250 3.250

K 0.012 0.0468
t (nm) 0.06 0.50
Angle shift (deg./hour) 0.00366 0.00073
Growing rate (nm/hour) 0.019 0.0035
Contamination ratio (nm/deg.) 5.1110

84



Table 4-2 : The optical constants, angle shifts, growth rate and contamination ratio

for moisture contamination.

n 1.202

K 0

t (nm) 0.43

Angle shift (deg./hour) 0.011 (first hour)
Angle shift (deg./hour) 0.00107 (after 3 days)
Growing rate (nm/hour) 0.43

Contamination ratio (nm/deg.) 39.4
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The above studies can be summarized:
For silver sulfide tarnish contamination, the contamination ratio is 5.11 nm/degree,
and the optical constants are n = 3.250, £ = 0.012 for very thin layers.
For moisture contamination, the contamination ratio is 39.40 nm/degree and the

optical constants are n = 1.202, x = 0 for very thin layers.

4-2 Grease Contamination

4.2.1 Light oil contamination

A vegetable oil vapor was applied to an Ag film for grease contamination mea-
surement; after light vegetable oil exposure of Ag film, a 0.093° shift of 6, is
observed. After degreasing the sample by ultrasonic cleaning in acetone (ACE) for 2
minutes, the resonance angle shifted back by 0.055% After degreasing, the Af; of the
contaminated sample was still about 0.038°, and the cleaning efficiency is about 60 %.

The optical constants of the vegetable oil contamination are calculated as n =
1.472, & = 0.0035, and t = 0.994 nm. After cleaning with ACE, there is still about
0.52 nm of residual oil contamination on the Ag film as determined by curve fitting.
The thickness of this residual contamination is 0.409 nm, calculated from the back-
shifted 6. Again, a reasonable agreement between two numbers is obtained; the

difference from the two methods is about 0.1 nm.
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4.2.2. Heavy oil contamination

The cleaning efficiency and the optical constants of heavy oil contamination
differ from those light of oil. After heavy vegetable oil contamination, the 6, shifted
3.1849, and it returned about 2.860° in the first minute of ACE ultrasonic cleaning.
After another 3 minutes of ACE cleaning, the 6, returned another 0.110° a much
smaller increment. The ACE cleaning removes about 90% of the heavy vegetable oil
contamination in the first minute and only 3.5 % in the next; see table 4-3,

The optical constants of the heavy vegetable oil contamination were given as n
= 1.590, £ = 0.157, and t = 22.3 nm. The slightly higher compared light oil contami-
nation can be explained by the heavy oil’s greater continuity. From curve fitting of
the measurement data, the heavy oil contamination is about 2.28 nm thick after ACE
ultrasonic cleaning. When the residual thickness is calculated from A#d;, it was found
to be 2.35 nm, only about 0.1 nm, or 4% different from the curve fitting value, but
much easier to obtain.

Thus, the contamination ratio of the heavy oil contamination is found to be

10.64 nm/degree and the optical constants are n = 1.472, and « = 0.004.

4~3 Ultrasonic Cleaning of Residual Strippable Coating Con-

tamination

The removal of contamination from silver mirrors by the ultrasonic cleaning

process will be discussed in more detail in this section. In previous sections, several

88



89

Table 4-3 ; The optical constants, angle shifts, residual contamination and contamina-

tion ratio for vegetable oil contamination.

small contam.

heavily contam.

n 1.472 1.590

K 0.004 0.157

t (nm) 0.994 22.3

Angle shift (deg.) 0.093 3.184

Cleaning in ACE (deg.) XX 2.860 (shift back)
US cleaning in ACE (deg.) 0.038 0.110 (shift back)
Residual contam. (nm) 0.52 2.28 (by meas. data)
Residual contam. (nm) 0.41 2.35 (by angle)
Contam. ratio (nm/deg.) 10.64




kinds of environmental contamination on an Ag surface from the environment were
described. There is also the possibility of contamination from the residue of strippa-
ble protective coatings: 3M (no. 2253, 3M corporation) and Universal (no. 34,
Universal Shellac company). This topic was discussed previously by Song et al (1986);
we shall discuss the result of attempts at removal of this residual contamination by
ultrasonic cleaning.

As we know, surface contamination will consist of the residual stripped mater-
ial contamination plus the moisture contamination after air exposure. We presumed
that the residue of stripped material could be removed by organic solvents, such as
acetone (ACE), trichloroethane, methylene chloride, or trichlorotrifluoroethane; we
assumed that moisture would be entrained by hydrophilic solvents, such as IPA, and
ethanol. As a recommended solvent for 3M strippable coating residues, ACE was first
chosen as the cleaning agent; IPA, extremely hydrophilic, was selected as the vehicle
for residual water removal.

Two Ag film samples, contaminated with strippable coating residue, were
examined to compare the cleaning power of ACE and IPA. After deposition of the
Ag layer, with thicknesses of 42.7 nm and 68.7 nm, the SPR’s of the coated prisms
were measured before application of 3M strippable coatings. After they dried, which
took about 5 minutes, the coatings were stripped and the SPR curves were remea-
sured. Then, the samples were ultrasonically cleaned in ACE for two minutes, and
the SPR curve was remeasured. The samples were recleaned ultrasonically in IPA for
one minute, and the SPR curve was checked once more. Results for the two silver

thicknesses, 42.7 nm and 68.7 nm, appear in figures 4-4 and 4-5. In both cases, 6,
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shifted back and the stripped coating residue was largely removed by ACE, as we
expected. But 6, can’t be returned to the original position, showiné that some residual
contamination remained after cleaning with both solvents. The results for the Univ-
ersal strippable coating were tested similarly; again, the contamination could not be
completely removed.
The A6, shift for 3M and Universal strippable coatings are compared in figure

4-6.

Step one - sample immediately after the coating,

Step two - sample coated by 3M or Universal coating and stripped,

Step three - sample ultrasonically cleaned in ACE for one minute,

Step four - sample ultrasonically cleaned in ACE for one minute, and

Step five - sample ultrasonically cleaned in IPA for one minute.
From figure 4-6, comparing those five steps, we find the cleaning efficiency of ACE
in the first minute is the highest of the three cleaning steps. We also see that ACE is
better than IPA for cleaning strippable coating resides. This can be explained in
terms of reduced moisture absorption after covering the sample with the strippable
coating.

We also observe that the SPR curve of the sample with the thinner Ag film -

42,7 nm - was broadened and deepened after the ultrasonic cleaning (figure 4-5),
while the SPR curve of the sample with the thicker Ag film - 68.7 nm - was broa-
dened and reduced after cleaning. The reflectance change (AR) at the different steps
vs. 0, is plotted in figure 4-7 for both samples. For t = 42,7 nm, R at 6, fell after

ultrasonic cleaning of either 3M or Universal strippable coating contamination. For t
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= 68.7 nm, the opposite result was obtained; R increased. Interestingly, the theoretical
simulation with different optical constants (n = 0.07, 0.08, and 0.09, « = 4.2) also pro-
duced these different results for the two Ag thicknesses; see figures 4-8 and 4-9. For
the film of t = 42.7 nm (figure 4-8), when n increases, the SPR curve broadens and
deepens. For the film of t = 68.7 nm, the SPR curve broadens and decreases in depth
when n increases (fig. 4-9). These theoretical results correspond to the phenomena
observed after ultrasonic cleaning of the two samples. Clearly, the optical constant n
of the Ag films rises after ultrasonic cleaning.

This increase of n for the Ag film indicates that the film becomes rougher or
less densely packed. To understand rough microstructure better, a model of porous
columnar structure (Bragg et al. 1953, Harris et al. 1979, and Kinossita et al. 1969)
helps us to calculate the constants of the cleaned 3M strippable samples mentioned
above. The formulae of the linear relationship between packing density p = (volume
of solid part of film)(total volume of film ihcluding pores) and optical constant n and
& were provided by Bragg et al (1953), Harris et al (1979) and Kinosita et al (1969).

Approximations are

n = (1-p)ny + png 4-1)
and

K = (1-p)ry + pKg, 4-2)

where p, ny and k, are the optical constants of the film voids, and ng and x4 are the

optical constants of the solid film material. The sample after ultrasonic cleaning can
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be viewed as a three layer system including the contamination layer, roughened Ag
layer, and Ag layer (Zhang et al, 1987). The theoretical curves based on this model
were fitted to experimental results by changing n, «, and t for each layer. The pack-
ing density p can be calculated from equations 4-1 and 4-2. The values of n, «, and t
for the 3M residual contamination at the different steps are given in Table 4-4. Data
shows that the p of the rough Ag film decreases and t increases as the cleaning
proceeds. After ultrasonic cleaning at the fifth step, the packing density p of the

rough Ag layer was about 0.70 and 0.74 for t = 42.7 nm and t = 68.7 nm, respectively.

4-4 Smoke Contamination

Cigarette smoke contamination was also measured by the SPR method, and the
result is given in figure 4-10. The broadening of the SPR curve shows that the cigar-
ette smoke is heavily absorbed on the surface and that part of the contamination can
be removed by ultrasonic cleaning with ACE and IPA. Deepening of the SPR curve
also indicated that the surface is roughened after ultrasonic cleaning. The effect on

the SPR curve for a heavily absorbed material will described in Chapter 5.
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Table 4-4: The calculated results of optical constants (n, %), thickness t, and packing

density p of residual 3M coating contamination sample after ultrasonic cleaning,

Layer Property Result of process sesequence
1 2 3 4 S
Silver t (nm) 41.0 41.0 40.7 40.5 40.4
layers n 0.069 0.069 0.069 0.069 0.069
K 4.27 4.27 4.27 4,27 4.29
p 1.0 1.0 1.0 1.0 1.0
Rough t (nm) 0.30 0.50 0.58
Silver n 0.160 0.255 0.311
Layers k 3.85 342 3.24
p 0.9 0.8 0.7
3M Residual t (nm) 1.49 1.05 0.70 0.58
Layers n 1.48 1.38 1.30 1.25
K 0.007 0.005 0.004 0.003
p 1.0 0.80 0.64 0.52
1 2 3 4 5
Silver t (nm) 64.0 64.0 63.7 63.5 63.4
Layers n 0.069 0.069 0.069 0.069 0.069
: K 4.23 4.23 4.23 4.23 4.23
p 1.0 1.0 1.00 1.00 1.0
Rough t (nm) 0.30 0.50 0.55
Silver n 0.160 0.255 0.311
Layers k 3.85 342 3.16
p 0.90 0.80 0.74
3M Residual t (nm) 1.49 0.90 0.65 0.36
Layers n 1.48 1.38 1.30 1.2
K 0.007 0.005 0.004 0.003
p 1.0 0.80 0.64 0.42
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CHAPTER 5

CONTAMINATION OF DISCONTINUOUS FILMS

Previous discussions examined the surface contamination of dielectric materials
and low absorption materials on the Ag film. We also observed contamination layers
on metals. The following section will discuss and compare the SPR phenomena relate
to surface contamination of other very thin metallic layers and low absorption materi-

als.

5-1 Observation of Discontinuous Dielectric Materials

A layer of MgF,, which shall be considered a contamination layer, was depos-
ited on an Ag film on BK-7 glass substrate. As in the previous experiments, the SPR
curve shifts to a larger incident angle when the original surface is coated by a dielec-
tric or slightly absorbing material, and the Af, will increase linearly with the contam-
ination layer thickness toon < 2.5 nm (Figure 4-1). But this result is based on the
assumption of homogeneous, or constant values of optical constant n and « as tggp
changes. What happens to the SPR curve for slightly absorbing material - k # 0 -
when refraction index changes will be discussed in this section.

Theoretically calculating the effect of dielectric, in this case MgF,, contamina-

tion on Ag films, we predict that the 6, increases as shown in Figure 5-1. From cal-
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culation, we know that discontinuous layers with teon < 2.5 nm have tqqq errors of
about 0.1 nm by calculating the shift of the resonance angle Af.. Our measurements
indicate that the SPR broadens as contamination thickness increases, but the minimum
reflectance at resonance angle is unchanged. The contamination ratio, the change in
contamination thickness per degree of Af., for MgF,, is about 15.25 nm/degree for
tcon < 2.5 nm,

When toqon > 2.5 nm, the shifts in resonance angle are still towards larger inci-
dent angles as shown in figure 5-2. Also, the SPR curve broadens as the t;op incre-
ases. The contamination ratio of MgF, material is about 10.84 nm/degree, which is
lower than the contamination ratio at toon < 2.5 nm. But the error function is about
0.8 nm, exceeding the error function at the togn < 2.5 nm.

For a thin MgF, film, n changes from 1.375 to 1.321 as contamination thickness
changes from 20.03 nm to 2.51 nm as shown on figure 5-3. This shows that the opti-
cal constants of the dielectric material decrease slowly as the film becomes discontinu-
ous. This phenomenon could be explained in terms of discontinuous film microstruc-
ture, which tend to be porous and columnar (Nieuwenhuizen, 1966). The formulae
for optical constants for porous columnar structures were provided by Harris et al.
(1979) , Bragg et al. (1953) and Kinosita et al. (1969), respectively. Approximations

are

n=(l-p)ny +png, and &k =(1-p)ey + Pkg,

where p is the packing density, ny and & are the optical constants of the voids, and
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ng and rg are the optical constants of the solid film. For the discontinuous films, p

decreases as the film becomes discontinuous and the optical constant n decreases. Due
to large errors in determining the surface contamination by calculating Ad; at teop >
2.5 nm, we measured the SPR curve to determine contamination thickness by using

curve-fitting method instead of measuring the shifts of the resonance angle.

5-2 Observation of Discontinuous Aluminum Films

Here, a very thin Al film modifies the surface and optical properties of an Ag
film, in which an SPR is generated. The Al films are the "contamination"; their thick-
ness, denoted again by teqp, is less than 15 nm. At these teqp’s, the Al films are dis-
continuous, and the SPR curves are different than those for the dielectric or continu~
ous metallic layers.

From the admittance diagram, we see that when we deposit sequential metallic
layers to observe the SPR curve, the results become more complex. We employed a
computer program to plot various SPR curves. For an Ag film coated with different
thicknesses of Al (t=1, 2, 3, 4, 5, 6, 7, 12 nm) with optical constants n =098, x =
6.7, the results appear in figure 5-4. The SPR resonance angle did not increase like
that of the dielectric material, but decreased, i.e. the shift in resonance angle less than
zero. Also, the SPR curve became broad and shallow as tyqp of the Al film grew.

Freshly deposited Al is a highly reactive metal and combines readily with
oxygen to form oxides, A1,0,. Hass and Hunter (1978) showed that Al films oxidized

rapidly after exposure; freshly deposited Al films exposed to air for r = 1 hour oxi-
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dized enough to reduce UV reflection strongly. An Al layer developed an oxide sur-
face film with t = 1.5 nm after r = 1 hour in air, after which it grew to an ultimate
thickness of 3 - 4 nm (Berning 1960). Hwangbo (1988) described the high oxidization
rate of Al films formed by the ion-assisted deposition (IAD) process. To determine
the original film properties, minimal exposure to air (r < 20 minutes) before measure-
ment is required.

The SPR curves for Al films with a range of ty, values appear in figure 5-5.
The SPR curves differ from the theoretical results in figure 5-4. For very thin Al
films, the SPR curve moves to larger, rather than smaller, incident angles. But after
contamination, with toon > 13 nm, the SPR curve moves in the same direction as the
theoretical calculation. This might be explained by assuming that the Al film has dif-
ferent optical constants that depend on the contamination thickness. The optical con-
stants of Al at different thicknesses appear as figure 5-6; they change from n = 0.859
to 1.700, and x = 5.038 to 2.801 as t;gp, thickness decreases from 13.83 nm to 2.80 nm.

The optical constants of Al films thinner than 12 nm show a marked thickness
dependence. A change to metallic behavior takes place when the film becomes physi-
cally continuous at toop = 12 nm. The value of n = 1.700 is initially much higher
than for thick films (n = 0.859) and decreases smoothly to approach a constant limit-
ing value for thick films. The extinction coefficient x of Al starts from a low value
(2.801) and rises through a maximum (5.038) to a limiting value. The high refractive
index of the thin Al contamination film on Ag emphasizes the oxidation problem on

those samples.
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5-3 Observations of Discontinuous Silver Films

Discontinuous silver and Al films have similar properties. To measure the SPR
curve of ultrathin Ag contamination films, we employed Al films to generate the SPR
wave and then monitored the changes caused by Ag overlayers of different thickness.
To reduce the oxidation of the Al film and reduce the growth of silver tarnish, the
exposure time r after venting was limited to 20 minutes. The growth rate of silver
tarnish films was small and we assumed that the properties of the Ag film changed
little in 20 minutes.

The theoretical calculation of the Ag (n = 0.07, k = 4.2) on Al (n = 098, « =
6.7) film structure is plotted in figure 5-7. The SPR curves are different from the
previous plots for separate Ag and Al films. In keeping with our convention, we con-
sider the uppermost Ag layer to be the contamination layer. The SPR resonance curve
becomes narrow and shallow as ty,, increases from 2 nm to 36 nm, while the SPR
resonance angle doesn’t change. The measured curves are also significantly different
from the theoretical calculations for thickness less than 21 nm as demonstrated in
Figure 5-8. The optical constants of thin silver films also show a marked thickness
dependence as depicted in figure 5-9. Nearly dielectric behavior is exhibited by
ultrathin discontinuous metal films, The ultrathin value of n = 6.599 is initially much
higher than that of the thick films n = 0.081 and decreases smoothly to approach a
steady value for thick films. The extinction coefficient « for the Ag film starts from
a low value k = 0.0546 and rises to a limiting value around k = 4.253. These results

give a very satisfactory curve fit, displayed in figure 4-10.
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Figure 5-7. Calculated reflectances as functions of incident angle for a range of thin
Ag film thicknesses on an Al film on a glass substrate.
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Measurement of only Ad, does not reveal the extent of contamination. An

entire SPR curve must be examined to determine the contamination properties of the

discontinuous metal film in terms of optical constants and tcqp.
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CHAPTER 6

IMAGING THE CONTAMINATION AREA

Using a one dimensional CCD array to detect contamination, we can derive
values of the n and t for the contamination layer, But this information only repre-
sents a very small part of the area of interest. To map the whole contaminated area, a
2D scanning system can be implemented by exchanging the linear array for an areal
CCD array and maintaining a collimated beam to image the contamination area at the

resonance angle. The setup appears in figure 3-6.

6—-1 Measurement Method

We employ the 2D-CCD array to image the surface by detecting the reflected
beam at f.. A theoretical calculation based on equations 2-25 and 2-26 was made
prior to the experiment. This result is based on the change of reflectance at 6, (42.86°
for silver, with n = 0.07, k = 4.2, and t = 51.5nm). The oblique optical thickness top

can be written as

top = Ncon tcon €05(0con)s

where nNgop, teons and fqop are the refractive index, geometric thickness, and incident

angle for the contamination layer, respectively. The result of the calculation appears
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in Figure 6-1. Within the detectable range of 0 < tcop < 3 nm, the top difference

among various contamination materials, with 1.23 < nggp < 2.0, is less than 0.1 nm.
Due to the low dynamic range of the CCD array, toopn could only be roughly esti-
mated from the reflectance, R, as:

0% < R < 30% corresponds to tgp = 1 nm,

30% < R < 60% corresponds to tgp = 2 nm, and

60% <R < 80% corresponds to tgp = 3 nm.
The data, which correspond to a bitmap of the measurement surface, was converted to
a 256 gray level digital signal by an A/D converter. The change of gray level can
then indicate the surface contamination.

The dark current of the measurement system is known to reduce the sensitivity
of measurement. Prior measurement of the dark current of the 2D CCD array showed
that it saturated at a gray level of 71 after 2 hours (figure 6-2). So, at least two hours
warm-up time is necessary for this image measurement system.

With this system, we can easily distinguish the contaminated and uncontami-
nated areas; tcop can also be roughly determined. The disadvantage is that refractive
index of the contamination layer can not be determined. To find the optical constants
of the contamination at each surface point, we must measure the image over a range
of incident angles, which will also transiate the image from the original position. The
geometrical manipulation necessary to overcome this problem (Schowengerdt, 1983) is

not available in this system but could, of course, be implemented.
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6—2 Image of Contamination

Images of several types of contamination, such as fingerprints, MgF,, smoke,
and particles (figs. 6-3 through 6-6) can be easily viewed on the computer monitor
and saved on disk and as laser printer documents. The visibility of the boundaries of
contaminated areas is enhanced by SPR: Figure 6-3 is a fingerprint produced by a
very lightly touched clean surface. The long feature is a scratch on the glass prism
surface. Figure 6-4 shows a silver film coated with 5 nm of MgF,. The vertical line
to the right marks the boundary of a larger coated area. A modulation or "ringing"
effect around the boundary was observed, and also reported by Rothenhausler et al
(1988). It is probably due to the SPR wave interfering or diffracting at the edge of
the contaminated area. Figure 6-5 illustrates smoke contamination, produced by
exposing the surface to a 5 cm distant cigarette for one second. Because this contami-
nation is more uniform than the fingerprints, MgF,, and particulate contamination,
the modulation effect does not appear for the smoke contamination. Figure 6-6 cap-
tures contamination after glass particles were sprinkled on and removed from a fresh
sample. The visibility of the contaminated area is poor and can be explained by the
limited contamination effect of the particles. Figure 6-7 displays the reflection inten-
sity across the edge of the 5 nm thin MgF, contamination area at 6.

It also possible for an Al film to generate the SPR wave that images contami-
nated areas, but its sensitivity is less than that of the Ag film. Figures 6-8 and 6-9
show 1.5 nm of MgF, on Ag coatings just after deposition and after five days of

exposure to air. The image was observed at fixed ;. We can see the intensity
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changes in the contaminated area. The same amount of contamination on the Al film

appears in figures 6-10 and 6-11. The visibility, or contrast, on the Al film, though
clear, is definitely less than for Ag.

We conclude that both Ag and Al films can image contaminated surfaces, but the
latter is less sensitive. Because Fhe areal CCD has only 256 gray levels, the sensitivity
to contamination will be less than for the linear CCD array. On the other hand, it is

an excellent tool for surveying larger surfaces for contamination.
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CHAPTER 7

BACKSTREAMING AND PARTICULATE CONTAMINATION

In the following section, we discuss the application of the SPR phenomenon to
measure the backstreaming and particulate contamination during the operation of a

small vacuum system in real time.

7-1. Backstreaming Contamination

The main objectives for the vacuum system experiment were to observe and

quantify

The deposition of particulates on a test surface during chamber venting,

The amount of oil backstreaming into the chamber, and

Other particulate or layered contaminants that might accumulate in real time.
The small chamber was equipped to deposit fresh Ag films so that valid comparisons
could be made with a clean coating.

Since diffusion-pumped vacuum systems are widely used in high-technology
manufacturing, backstreaming from diffusion pump oils in such systems is a major
contamination problem. Automatic detection of oil contamination during the process
would improve yields by informing the operator of the problem so that corrective
action could be taken. We built an SPR monitor for a small diffusion-pumped

vacuum system and performed a series of experiments to determine whether it is sen-
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sitive enough to detect such microcontamination from backstreaming oil and other

sources.

7.1.1. Experimental setup

To make this measurement, a prototype measurement system was built as shown
in figure 7-1. Due to the angular sensitivity of SPR measurements, the system was
semi-automated, with a focussed beam. The relative humidity was between 35% and
50% and the temperature about 24.4 °C (76 °F) in the laboratory. The laser (Melles
Griot 5 mw He-Ne laser) beam passed through a spatial filter and polarizer, a colli-
mating lens, and a focussing lens before converging on the test surface of our stan-
dard 4 cm x 4 cm BK-7 right angle prism, which was directly mounted on the top of
a 12-inch diameter cylindrical bell-jar coating chamber, The chamber was evacuated
by a 2-inch Edwards air-cooled diffusion pump. Inside the chamber, Ag films were
thermally evaporated in a resistive Mo boat from Ag lumps (1/8 " shot, 99.99 %
purity, Cerac); the evaporation took 90 seconds at a base pressure of about 1.5 x 1078
torr. The film covered the hypotenuse of the coupling prism. The reflected beam
diverged from the prism hypotenuse to the 1728-element linear CCD array (Fairchild
CCDI122) at a distance of about 12.6 cm. The linear CCD array elements were spaced
13 pm apart, corresponding to an angular separation of about 0.0059°, The system

worked well, the results follow;



135

MELLES GRIOT :
§mW HeNe LASER ™ *
AUTOMATED SYSTEM WITH
FOCUSSED BEAM AND
2 INCHES YACUUM CHAMBER
r— =1
MELLES GRIOT |
SPATIAL #ILTER w-) '
L— — DATA
ToAD CCD READOUT VIDEQ OUT
STOP ~reame—tm VIDEO PROCESSOR
V SAMPLE HOLDER
COLLIMATING LENSe- CONTROL

E31 IXEL CCD READOUT CCD SYNC
P
sELEeT 2] SYNC GENERATOR | P>

POLARIZER =it GTIETRCatTn)

FOCUSSING LENS #&=

PAIRCHILD 1D
CCD122 ARRAY

PC MATE A/D CONVERTOR i

OM. P.

Figure 7-1. Layout of a prototype SPR detection system configured to monitor a
vacuum chamber.
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7.1.2. Experimental Results

First, the system shown in figure 7-1 revealed contamination of the Ag film
after deposition while still under vacuum and then after vacuum was broken, as
shown by figure 7-2. The solid line rep.resents the SPR curve after Ag coating and
the dashed line represents that curve one minute after venting; SPR 6. increased
0.177°, When the sample remained under vacuum for r = 3, 76, and 129 minutes after
deposition, we measured A6, values of 0.000°, 0.012°, and 0.0239°, respectively, with
an estimated error in angular measurement of + 0.001°, This result indicates that the
6 changed rapidly in the first few minutes after evaporation and then stayed essen-
tially constant. That indicates a high contamination rate right after the end of the
evaporation sequence.

Measurement noise, consisting of thermal generation noise, trapping noise,
input noise and detector uniformity noise (Dereniak 1984), was initially present in our
data, Figure 7-3 compares such an array profile with another made after reducing
high frequency components with a low-pass convolution process (Schowengerdt,
1983), followed by division with the original incident beam to eliminate the detector
uniformity noise. The process strongly reduced noise, as shown in figure 7-3. We
also compared the SPR curve of a sample coated with Ag in the prototype two~inch
vacuum system (or 300-mm belljar diameter) with that of a sample coated in the
Balzers 510, a 510-mm diameter steel belljar diffusion-pumped system. The results
appear in figure 7-4. As we see, the SPR curve of the former is much broader and

indicates more serious contamination.
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To identify the contamination layer, it would be helpful to determine its optical

constants. We employed the automated system with beam focussing and the 12-inch
prototype vacuum coater to measure the incident angle, calibrating the measurement
to high precision by first determining the 6, = 41.305° of BK-7 as a reference. The
results for this series of contamination measurements appear in figures 7-5 through
figure 7-7 and Table 7-1. Figure 7-5 compares the SPR curves after deposition at 7 =
0, 1, 3, 16, and 23 minutes, mainly a rapid shift and deepening of the SPR curve in
the first 16 minutes. The SPR 6, shifts showed values of 0.089°, 0.101°, 0.225°, and
0.225% at r = 1, 3, 16 and 23 minutes, respectively. In Figure 7-6, the rate of addi-
tional contamination with the high vacuum (HV) valve closed - effectively blocking
backstreaming - slowed; the shifts in resonance angle was only 0.018° after closing the
main value for 12 hours on the 300 mm system. In figure 7-7, a A6, of only 0.006°
during venting contrasts with the A6, = 0.177° shown in figure 7-2 after venting both
samples. This result indicates that the contamination rate fell. This difference might
indicate that the high substrate temperature will speed up the contamination rate.
Similar measurements have been made after overcoating with MgF,. The results as
appear in figure 7-8, with the bare Ag film shown for reference; the shifts of reso-
nance angle were 0.118° and 0.1420 after r = 4 and 45 minutes, respectively.

To calculate the optical constants, the uniform random n, «, and t generators
(Press et al, 1986) and our program found rough values of these parameters. We then
applied the Downhill Simplex (Press et al, 1986) method to find the best solution.
The results appear in Table 7-1. We find the solution has two sets of values; the two

best-fitting curves to the SPR curve appear in figure 7-9. The correct solution can be
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Table 7-1: Two sets of calculated optical constants of silver films in 12 inch chamber.

=0 =1 min =3 mins =16 mins 7=23 mins 7=12 hours

fmin 44.350 44.4383 44.450 44.574 44.574 44.592
Rmin 3.410 2.864 2.209 1.649 1.522 1.328
FA 103 017 .036 .055 062 154

n 498 491 484 481 479 469

K 3.611 3.570 3.514 3.469 3.454 3.392
t 26.56 27.40 28.63 29.78 30.08 31.01
FA 130 .047 .063 .084 .09 177

n .666 .643 615 .586 .580 .564

K 3.417 3.400 3.376 3.362 3.353 3.302
t 35.27 35.44 35.59 35.51 35.59 36.35
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identified on the basis of independent thickness measurements; the alternative are 35.3

and 26.6 nm. We choose the latter for thickness based on the better fit of the curve,
yielding refractive index n = 0.498 and extinction coefficient x = 3.611 for the fresh

sample. Ag films made in the 510 mm chamber - n = 0.082, k = 4.253, t = 47.06nm -

are quite different and much closer to the AIP Handbook values for bulk Ag (n

]

0.066 and « = 4.05) and Palik (1986) (n = 0.134 and « = 3.98), all estimated at A
632.8 nm. We conclude that the backstreaming into the 300 mm vacuum system
strongly affects the condition of the film surface. From the table 7-1 and figures
7-10 and 7-11, we also see that the refractive index n and extinction coefficient x

decrease as contamination continued.

7-2. Particulate Contamination

The SPR approach can also measure particulate contamination. We began by
correlating the SPR excitation with the surface roughness, which in this case is actu-
ally due to particles deposited on the surface. In principle, a corrugated surface inter-
acting with the SPR will produce a similar result.

There have been reports that the SPR wave manifests itself as visible light on a
slightly rough Ag film surface (Kretschmann, 1972). In the case of statistical rough-
ness, the theoretical calculation of SPR wave propagation becomes very complex. To
simplify this calculation, a few models of SPR behavior (Heitmann, etc., 1976,
Pockrand, etc.,1977, Raether, 1982) on sinusoidally corrugated silver surfaces has

been published. Only for periodic (sinusoidal) surface corrugations is the quantitative
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comparison between experimental and theoretical results possible, since only for this

case is it possible to determine experimentally the characteristic parameters of the sur-
face modulation. The wave vector of the SPR wave kxp propagating on an ideally
flat Ag surface will change to Kxp’ after interacting with a sinusoidally rough surface.

The wave vector of the sinusoidal surface is

where a is the grating constant or periodic constant. Considering the interaction with
the sinusoidal wave, the final wave vector of the SPR wave will be
2T

2r o sin(s,) + 2=, (7-1)

Kyp = kxp * Ak = 5T .

where n, is the index of incident medium and 6, is the incident angle. From equation
7-1, the SPR wave vector pr’ can be reduced so that the surface plasmon is trans-
formed into light. This is a radiative surface plasmon. The experiment shows that
the half width 8 /2 increases as the amplitude of the sinusoidal wave grows (Raether,
1982). Also, Heitmann etc. (1976), showed that the minimum of reflectance of SPR
curve decreases as the amplitude of the sinusodial wave increases, while the scattered
light increases as the amplitude rises.

When we consider the SPR wave interaction with the particles and particulate-
contaminated surfaces, the result becomes more complex. We do not have the simple

model to check the theoretical calculation. But the result we get is very similar to the
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result by the SPR wave interaction with a sinusoidal surface. Those results appear in
Figures 7-12 - 7-14, They show that the minimum reflectance of the SPR curve dec-
reases and the halfwidth 6} /2 increases, as the particle size grows from that of baby
powder, smaller than 10 um, to 38 um glass particles and then to 45 um glass particles.
From the changes in the SPR curve, it is possible to determinate the extent of one

particulate contamination.

7.2.1. Experiment setup and results

The configuration that measures the light scattered from the interaction of the
SPR wave with particles is shown in figure 7-15. A collimated beam encounters the
Ag or Al coated prism on which SF-5 glass particles (53 pm to 63 um) were dusted.
A microscope (Leitz Orthoplan) images the scattered light from the glass particles on
the eye pupil or in the camera. Figure 7-16a is the image of the particles (GM coarse
air cleaner test dust, NO 2857, 5.5 um - 176 um) on Ag films displays the interaction
of scattered light from the SPR wave on the particle-contaminated Ag surface; the
particles appear bright from scattered He-Ne light. Figure 7-16b is the image of the
particles illuminated by a microscope light source. After blowing the particles off by
compressed air, the scattered light largely disappears, as shown on Figure 7-16c.
Figure 7-16d is a different surface, and shows the scattered light from the interaction
of SPR wave illuminated particles on an Al surface.

Figures 7-17, 7-18, and 7-19 show the reflected images of each corrugated

film, with the SPR area dark, and the direct images of the SPR areas.
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Fi.gure 7-12. Comparison of SPR curves of Ag film as deposited, after contamination
with baby powder (<10 pm), and after cleaning with N, gas.
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s+ Fresh sample (Ag: t=56nm)
Contaminated with 38um glass particle
Blown off by N, gas
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Figure 7-13. Comparison of SPR curves of Ag film as deposited, after contamination
with powdered glass (38 pm), and after cleaning with N, gas.
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~+—— Fresh sample (Ag: t=56nm)
Contaminated with 45um glass particle
Blown off by N, gas
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Figure 7-14. Comparison of SPR curves of Ag film as deposited, after contamination
with powdered glass (45 um), and after cleaning with N, gas.
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Figure 7-15. Layout for the examination by optical microscope of the propagating
SPR radiation itself,



Figure 7-16. Image from the particle contamination of Ag or Al film surface
observed by scattering of light source from radiative SPR wave or the Leitz Orthoplan
microscope. a). image light source from the SPR wave of an Ag film (b). image light

source from microscope. SCALE: |-=—-| =100 um
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Figure 7-16 (c). Image light source from an SPW of an Ag film after removing the
particle. (d). Image light source from SPR wave of AL fillm.

SCALE: |-==| =100 um
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Figure 7-17 Microscopic image by scattered light of an Ag film on a rough surface
a) Image light source from microscope (b). Image light source from the radiative SPR
wave
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Figure 7-18 Microscopic image by scattered light of an Al film on a rough surface a)
Image light source from microscope (b). Image light source from the radiative SPR
wave
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Figure 7-19 Microscopic image by scattered light of an Ag film on a scratched sur-
face a) Image light source from microscope (b). Image light source from the radiative

SPR wave SCALE: |--=1 =100 ym



. Figure 7-17a is the microscopic image by scattered light of an Ag film on a rough
surface; Figure 7-17b is the direct image of the same area of an Ag film on a rough
surface by SPR.

. Figure 7-18a is the microscopic image by scattered light of an Al film on 2 rough
surface; Figure 7-18b is the direct image of the same area of an aluminum film on a
rough surface by SPR.

. Figure 7-19a is the microscopic image by scattered light of an Ag film on a
scratched surface; Figure 7-19b is the direct image of the same area of an Ag film on
a scratched surface by SPR.

From the results, we have a better contrast image by the scattered light of the SPR
wave than the image viewed from the regular microscope. on the other hand, we
might use the scattered light of SPR wave to enhance the image contrast of a regular

microscope.
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CHAPTER 8

CONCLUSIONS

The SPR measurement has been successfully applied to the detection of surface
contamination. We have designed several SPR benchtop systems for a wide range of
different contamination measurements. We believe that the results of our work sug-
gest that the system could be miniaturized and produced as contamination sensor that
would not only image particulates, but might even detérmine the optical constants of
layered contamination on the metal film. The studies can be summarized by the fol-

lowing observations:
8-1 Measurement Systems

As mentioned, several different systems were designed for a variety of different
measurements. Advantages of each system are summarized below:

1). The manual measurement system: It is a simple, inexpensive setup.
Although its simplicity results in longer measurement times, it can produce accurate
SPR curves.

2). The automated measurement system: The system cost much more, requiring
a rotary table, CCD detector, an A/D converter, an IEEE controller,and a computer.
Such a setup makes the measurement of an SPR curve much easier and faster and

permits remote control. If the measurement data is input to a computer and analyzed
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with curve-fitting software, optical constants of the surface can obtained in situ,

3). The automated measurement system with a focussed beam: Designed as an
improvement in terms of cost and convenience, this system make the SPR measure-
ment without the rotary table, a saving of space and capital - several thousand dollars.
According to the results discussed in chapter 7, with a focussed beam, the system
works well without the rotary table. The entire sensor head can be constructed as a
small, compact system for use in any critical environment, such as inside a vacuum
chamber, in space, or in a submerged or radioactive area. The measurement time of
this system is equal to the scanning time of the CCD and it is less than one second,
essentially real time measurement, One drawback is the potential incident angle error
caused by the nonequal illumination of individual pixels in the CCD array. To get an
accurate calibration of incident angle before measurement is very important. Another
disadvantage of this system is that limited measurement area at the focussed beam
spot; it can’t easily map the rest of region.

4). The imaging system: This system can monitor contamination events in a
potentially dirty environment. A real time contamination image of the measurement
area can be observed directly from a video monitor. The disadvantage of the system
is that optical constants can’t easily be obtained from a single-angle measurement.

5). The direct microscopic imaging system: The scattered beams from the radia-
tive SPR wave from a rough surface or particulate contamination are viewed through
a microscope, which may also enhance the contrast of the image. That permits us to
measure the rough surface or even to count the numbers of unwanted particles.

Again, the drawback of the system is that we can not determine optical constants of
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the contamination region, although the design of a system to include angle scanning,

and, therefore, optical constant determination, is not impossible,

8-2 Application of SPR Measurement

The resonance angle of the SPR wave is very sensitive to the optical constants
of the medium and can help us to quantify the degree of surface contamination.
Contamination ratios and optical constants can also be calculated in such studies.
Shifts in 8, can also monitor possible in-process contamination. Finally, the ultrasonic
cleaning efficiency of either IPA or ACE were assessed by detecting residual contam-
ination. We made the following contamination measurements:

1. Silver sulfide tarnish contamination; The contamination ratio is determined as
5.111 nm/degree. The result also showed that the growth rate of tarnish contamina-
tion peaked in the first three hours of air exposure; it then decreased gradually.

2, Moisture contamination: The contamination ratio is 39.4 nm/degree for samples
exposed to high humidity environments. The result also showed a high growth rate in
the first hour which then decreased gradually.

3. Oil contamination: The contamination ratio was found to be 10.64 nm/degree.

4, Strippable coating residual contamination: The contamination ratio was 12.60
nm/degree, after applying and stripping the 3M coating.

5. Dielectric - MgF, - layered contamination: After adding the MgF, film, the
contamination ratio was 10.84 nm/degree. It was also found when the contamination

layer becomes thinner, the film becomes discontinuous and the optical constants of
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dielectrics sightly decrease.

6. Metal - Ag or Al - layered contamination: Because of the discontinuity of the
optical constants of this type of layer, the contamination ratio cannot be determined
by the shifts of 6;. It was found when the tcon becomes thinner and more dielectric,
due to oxidation or sulfurization, the optical constants change rapidly.

7. Particulate contamination and rough surface modification: The radiation from an
SPR wave was observed after the measurement surface became rough or contaminated
by particulates. This type of contamination is best examined by imaging the contami-
nation area; contrast is better from the scattering light of the SPR wave than from the
image viewed by a regular microscope.

8. Imaging of the contamination area: We can use both Ag and Al for supporting
the SPR wave. Results showed the Ag gives better sensitivity.

We also observed in-process contamination in the prototype vacuum system;
the automated measurement system with a focussed beam monitored the contamina-
tion situation in the vacuum system. We found that contamination occurs during
coating if the system has serious backstreaming problems. This readily broadens the
SPR curve. We can also detect contamination after coating while the sample is still in
the chamber. On the other hand, the optical constants of the Ag film changes rapidly
and tend to reduce x/n ratio, affecting our results:

1. Backstreaming contamination: The backstreaming contamination ratio is very
high in the first 16 mins after the coating and then saturates. Thus, turning off the
HYV valve is suggested to minimize possible backstreaming contamination if the system

is the problem,
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2. Particulate contamination in vacuum after pump isolation: If the system is
vented when temperature is still high, a very high contamination ratio is observed.
This is probably due to the reactivity of the high temperature surface with the con-
tamination sources in the air. If the system is not vented, the chamber remains under
high vacuum, and contamination is slow, After 12 hours under isolated HV, the con-
tamination becomes higher again as the pressure and particulates increase due to out-
gassing. If a system has no backstreaming problem, it is better to keep the HV valve
open during cooling process to reduce contamination from outgassing.

3. Contamination after venting and air exposure: The contamination ratio is steady.

The efficiency of solvent and ultrasonic cleaning procedures were studied by
measuring the SPR curve of the cleaned samples:

1. IPA largely removes the moisture contamination; and ACE attacks other contam-
inants.

2. About 90 % of oil contamination can be removed by ACE in one minute.

3. None of the contaminants can be removed completely by ACE or IPA.

4. Surface are always roughened by ultrasonic cleaning.

8-3 Suggestions and Further Research

The detection of surface contamination has been successfully achieved by
measuring the SPR curve. It has great potential in several areas as a sensor for minute
quantities of material in both particulate and layered form. Many topics remain for

additional work:
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1). Particulate sensor in vacuum systems: A compact sensor head which in-
cludes a coated prism, detector, and the laser diode source might be built, with overall
dimensions of 5 cm square or less. This sensor head could be placed in the coating
plant to provide real-time, sensitive detection of particulates, water vapor, pump oil,
and other contaminants.

2). Particulate sensor in remote and/or dangerous ambient systems (Jacobson et
al, 1989). The same arguments that applied to the vacuum environment might also
apply to ambient pressure but otherwise dangerous conditions (such as in the
chemically or radioactively dangerous areas) that require remote sensing of contami-
nants or particulates.

3). Studies of the radiated SPW: The SPW interacts with periodic wave from
gratings or other modulators to generate radiated SPW’s. The theorey is not well esta-
blished. Using gratings to understand the radiation mechanism and to find the depen-
dencies of the radiation frequency are suggested as follow-up studies.

4). The SPW’s from media with changing optical constants (Eric et al, 1989):
Since the SPR curve is sensitive to the optical constants and thickness of the added
layer, it would be appropriate to study SPW’s generated from the materials with vari-
able optical constants through the modulation of the other light sources or high elec-
tric fields.

5). The SPW’s at different wavelengths: We have studied the SPR wave with a
He-Ne laser (632.8nm) as the light source. It would be interesting to study the SPR

wave generated at other laser wavelength.
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LIST OF ACRONYMS AND SYMBOLS

ACRONYMS:

2D: Two Dimensions

ACE: Acetone

A/D:  Analog To Digital Converter

Ag: Silver

Al Aluminum

AT: Advanced Technology [IBM-AT Standard]
ATR: Attenuated Total Internal Reflection
Au Gold

CCD: Charge Coupled Device

CMC: Center for Microcontamination Control
CO,:  Carbon Dioxide

CTF: Contrast Transfer Function

Cu: Copper

EM: Electromagnetic

FA: Error Function

G: Glass

HV: High Vacuum

IAD:  Ion-Assisted Deposition

IPA: Isopropyl Alcohol

MgF,: Magnesium Fluoride

N, Nitrogen Gas
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PC: Personal Computer [IBM-PC Standard]

Si0,:  Silicon dioxide

SPR:  Surface Plasmon Resonance

SPW:  Surface Plasmon Wave

Ta,O. Tantalum Pentoxide

TbFe: Terbium Iron

TE: Transverse Electric

™: Transverse Magnetic

uUv: Ultraviolet

uUS: Ultrasonic

ZrO,:  Zirconium Dioxide

SYMBOLS:

s Phase Shift of the Light Beam Transmitted through the film
Af. :  Angular shift in resonance angle

€ Dielectric Constant of Medium, ¢ = € +ic

& The Electric Amplitude

n: Optical Admittance at Oblique Incident Angle

fr: Planck’s Constant

K Extinction Coefficient

Ap : Wavelength of Surface Plasmon

i Electron Density

0, Resonance Angle with Considering the Metal Film Thickness
6: Resonance Angle without Considering the Metal Film Thickness
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Resonance angle
time
Volume Plasmon Frequency

Real Part of the Susceptibility of Medium

One of the elements of the characteristic matrix of a thin-film assembly.

It can be identified as a normalized electric field amplitude.

One of the elements of the characteristic matrix of a thin-film assembly.

It can be identified as a normalized magnetic field amplitude.
Speed of Light

The Amplitude of the Tangential Component of Electric Field
The Electric Vector of P-polarization in the Electromagnetic Field
Longitudinal Electromagnetic Field

The Amplitude of the Tangential Component of Electric Field
The Magnetic Vector of P-polarization in the Electromagnetic Field
The Magnetic Amplitude in y direction

Intensity

Wave Vector

Wave Vector of SPR wave, ky = kx' + ikx"

Propagation Length of SPR Wave in Metal Layer

Electron Mass

Complex Refractive Index, N = n - ix

Real Part of Complex Refractive Index

Packing Density

Reflectance



Rmin
T:

t

Reflectance Minimum
Transmittance

Film Thickness

Optical Admittance

Skin Dlepth in Metal Layer

Skin Depth in Coupler Layer
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