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Abstract

Using monolayer-sensitive variable angle of incidence spectroscopic ellipsometry, the silver
oxide growth on a silver mirror, coated with an Al, O; or SiO; protective layer, was investigated.
The oxidation was done in a pure oxygen plasma asher. The resulting silver oxide growth was
monitored accurately as a function of exposure time in the plasma asher. It was found that silver
was converted to silver oxide under the protective coating, during ashing of a sample. The optical
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Ellipsometric study of Al;0,/Ag/Si and SiO,/Ag/quartz ashed
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Using monolayer-sensitive variable angle of incidence spectroscopic ellipsometry, the silver
oxide growth on a silver mirror, coated with an Al, O, or 8i0, protective layer, was
investigated. The oxidation was done in a pure oxygen plasma asher. The resulting silver oxide
growth was monitored accurately as a function of exposure time in the plasma asher. It was
found that silver was converted to silver oxide under the protective coating, during ashing of a
sample. The optical constants of 2 dense silver oxide thin film, created by oxidizing in the

asher, were also measured.

I. INTRODUCTION

The degradation of many materials, for example, silver
mirrors, for use in a low-earth orbit space environment has
recently drawn considerable attention. Various people are
trying to engineer a proper protective coating to prevent oxi-
dation and damage of the underlying sensitive material sur-
faces.'”'* The low-earth orbit space environment roughly ex-
tends over the altitude range of 200-700 km. At these
altitudes, there is an abundance of neutral ground-state
atomic oxygen. As a result of the mean free path between
collisions being very large, low-earth orbit altitudes provide
a very long lifetime for atomic oxygen and various other
species. One of the ways of forming atomic oxygen in low-
earth orbit altitudes is the absorption of UV rays from the
sun by molecular oxygen, which is thereby dissociated to
form atomic oxygen.’ Atomic oxygen can also be formed
through electron capture by molecular oxygen, followed by
dissociation of this highly unstable anionic molecular com-
plex to atomic oxygen and O~. Moreover, these oxygen
atoms have approximately 5 ¢V of ram impact kinetic energy
on a moving space shuttle {velocity about 10 km/s). (For
details on the distribution of the number density of various
atoms and molecules as a function of altitude and other relat-
ed information, see Ref. 1.}

One appropriate class of materials proposed for use as
protective coatings is oxides.” If various space materials can
be coated with an appropriately designed thin protective ox-
ide layer, possibly having an amorphous structure, low de-
fect density, and high activation energy for atomic oxygen
diffusion, then long term survivability of various space-
bound structures could be ensured. The thermal expansion
and the adhesion between the film material and the substrate
need to be appropriately adjusted sc that microcracks are
not formed inside the film because of thermal stress; this
would otherwise form short circuit diffusion paths for atom-
ic oxygen through the film, that could readily degrade the
protected space material underneath the layer.

In this paper, a set of experiments regarding the penetra-
tion of atomic oxygen through an amorphous AL O,, or

a) Research supported by NASA Lewis Research Center Grant No. NAG-
3-95.
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Si0, overcoating, resulting in the growth of silver oxide film
on top of silver has been described. The samples were ex-
posed to a pure oxygen plasma in a plasma asher for a series
of times using variable angle spectroscopic eflipsometry
(VASE). VASE is well known to be a monolayer-sensitive,
nondestructive technique used to study various material sur-
faces.'4%¢

In order to properly perform VASE data analysis, the
optical constants of silver oxide were needed. No reliable
data on the optical constants of silver oxide, corresponding
to that formed by the reaction of a high-quality silver film
with the atomic oxygen, could be found in the literature.
{Only one paper (Ref. 21} could be found, and it was for
bulk silver oxide prepared by isostatically compressing silver
oxide powder and mechanically polishing one side. It was
most likely different, both in morphology and chemical con-
stitution, from the silver oxide formed in the plasma asher. ]
Therefore, the optical constants of silver oxide, formed by
ashing a high-guality silver film (evaporated onto a polished
silicon wafer) in the oxygen plasma, were first experimental-
ly determined. The optical constants of silver oxide were
then used to model the growth of silver oxide films under-
neath the protective aluminum oxide or the silicon oxide
layer.

This paper is organized as follows: in Sec. II, the asher
used for oxidizing the samples is described; in Sec. I1, a brief
introduction is given to the principles of the VASE experi-
ment and data analysis. In Sec. IV, the results of analysis of
VASE data are described. Section V summarizes and con-
cludes.

il. CHARACTERIZATION OF THE ASHER

An SPI Plasma Prep II asher (SPI Corporation) was
used {0 expose the samples to an oxygen plasma, using high-
purity oxygen. This had a capacitively coupled barrel-type
plasma chamber, driven by a 13.6-MHz 100-W rf power
source. Pure oxygen gas was introduced to the plasma
chamber to generate the oxygen plasma, and the main
chamber pressure was kept at 100 gm. An oxygen plasma is
known to have various species such as o¢P),07,0%, 0,5,
Oy, , 0,('4,).° To investigate the properties of the oxygen
plasma in the asher, a barrel-type Pyrex glass tube asher was
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FIG. 1. Pyrex glass tube asher constructed to investigate the spectroscopic
lines emanating from the oxygen plasma.

constructed, as shown in Fig. 1. Rolls of quartz wool with 1-
cm-diam holes at the center prevented the plasma from com-
ing in contact with various Viton O rings, used for joining
various glass parts of the chamber. The guartz window was
needed to receive the UV and visible emission lines from the
plasma to a spectrum analyzer. The wavelengths of lines ob-
tained from the oxygen plasma and their identifications are
shown in Table I. The relative intensities of various lines
could not be obtained with any relability because of noise
from the rf power scurce. However, atomic oxygen lines
were found to be highly abundant. The presence of weak
nitrogen lines indicated the presence of a small air leak to the
plasma chamber.

Samples were carefully placed at the homogeneous por-
tion of the plasma, in the SPI asher, which extends roughly
from about 2 to 8 cm measured from the back of the asher
chamber.* A clean microscope glass slide was placed hori-
zontally within the inner tube of the chamber so that it was
supporied at the shorter edges by the inner wall of the tube
(see Fig. 2), and samples under investigation were placed
horizontally on this glass slide. The Sux of oxygen plasma
was first calibrated by introducing four pieces of Kapton
pelymide placed side by side along the glass slide (three sam-
ples of 1-cm” and one sample of 4-cm’ area) in the asher, and
ashing for various lengths of time and measuring the mass
foss. It is known that Kapton adsorbs considerable moisture
from the atmosphere.” Therefore, Kapton samples were kept
in a vacuum of about 107" Torr for more than two days
before the ashing experiments were carried out, so that water
molecules were desorbed from the Kapton surface. The re-
suits of Kapton mass loss versus ashing time are shown in
Fig. 3. The linear least-square fits to the experimental data

TABLE I. Identification of plasma emission lines.

Wavelength fdentification
(A (‘Tabulated wavelength}®
7772.4 O (7771.9)
6562.1 H (6562.7)
4358.6 M (4358.3)
4327.6 O (4327.5)
4089.7 O (4089.3)
2See Ref. 24.
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FiG. 2. Placementi of samples and supporting glass stides in the Plasma Prep
f asher.

are also shown in the same figure. Notice that there was very
little plasma inhomogeneity (in terms of the amount of Kap-
ton etched) along the transverse direction of the tube. The
average Kapton mass-loss rate was determined to be 0.14
mg/cm’/h. Then, from the calibration curve of atomic oxy-
gen fluence in space versus unit area Kapton mass-loss rate
(Kapton was flown in a space shuttle bay and exposed to
atomic oxygen in low-earth orbit), the eguivalent atomic
oxygen fluence rate in the asher was found to be approxi-
mately 4 10" O atoms/cm?/h. It should be noticed that
this is only a rough estimate giving a qualitative comparison
between the atomic oxvgen space environment and the oxi-
dizing plasma environment in the asher, since the exact sim-
ulation of an atomic oxygen space environment in an asher is
not possible.”

The temperature in the chamber was measured to be less
than 70 °C by putting a series of special temperature-sensi-
tive paints sandwiched between a common microscope glass
slide and another very thin cover glass slide, inside the plas-
ma for 30 min. The purpose of the thin cover slide was two-
fold; first, to prevent the plasma from coming in direct con-
tact with the paint and second, to conduct the heat to the
paint as easily as possible without changing the plasma con-
ditions.
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FIG. 3. Kapton mass loss vs ashing time in SPI Plasma Prep IT asher.
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FIG. 4. Schematic diagram of the variable angle of incidence speciroscopic
eitipsometer (VASE).

{H. ELLIPSOMETRIC TECHNIQUE AND DATA
ANALYSIS

Ellipsometry is known o be a nondestructive mono-
layer-sensitive experimental technique capable of taking in
situ measurements in a wide range of environmental condi-
tions. The success in the absolute determination of various
optical and physical parameters largely depends on the de-
gree of realistic modeling of the physical structure of the
sample. In terms of finding the changes in the surface condi-
tions of the sample, ellipsometry is a very reliable experimen-
tal method. The principles of ellipsometry stem from the
principles of classical electrodynamics. A schematic dia-
gram of the variable angle of incidence rotating analyzer
spectroscopic ellipsometer is shown in Fig. 4. A linearly po-
larized plane parallel beam of collimated light is incident on
the sample. (The beam diameter is typically about I mm.)
The two component polarizations of light, one component in
the plane of incidence and the other component perpendicu-
lar to the plane of incidence, upon reflection, undergo differ-
ent phase retardations within the sample. As a result, one
obtains an elliptically polarized reflected beam. By measur-
ing the intensity of light passing through the rotating analyz-
er, and performing data analysis on the intensity versus ana-
lyzer azimuthal angle, one obtains the so-called
ellipsometric parameters ¥ and A. These parameters are de-
fined in terms of the ratio of the complex Fresne} reflection
coefficients 7, and r, as follows:

—_— iA
/v =tan e,
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For multilayer media, calculation of the Fresnel reflec-
tion coefficients from thicknesses and optical constants of
individual layers becomes guite involved. The unknown pa-
rameters, such as the thickness and/or the optical constants
for a particular layer are determined first by assuming some
initial values for these parameters and then varying these
parameters until the discrepancies between the calculated ¢
and A values and the experimental ¢ and A values are mini-
mized. For this experiment, ¢ and A data were taken for
three different angles of incidence and over the wavelength
range of 3000-8000 A at 100-A intervals. As a measure of
the discrepancy between the experimental and calculated o
and A values, one defines the mean-square-error function
{MSE) by

i N
MSE’—_FV— 2 (¢pxp - :::-110)2 + (Aexp - Acalc) ]'

The goal of data analysis is to minimize this MSE by adjust-
ing the unknown parameters for the various layers in the
assumed model for the sample. To achieve that goal the Mar-
quardt least-square algorithm'’ has been used. From the
data analysis, the sensitivity of the magnitude of the MSE
function to the variation of a particular parameter is calcu-
lated. From that information, the 90% confidence limit to
the value of this parameter is calculated. This 90% confi-
dence limit is a measure of the error in the experimentally
calculated parameter. {The error bars given in the plots of
the experimental data denote this 90% confidence limit.)
For a particular wavelength, better accuracy is obtained by
increasing the number of angles of incidence for which ¥ and
A measurements are taken, since it imposes more constraints
on the unknown parameters {optical constants for example)
in the fitting procedure.

When there are two or more constituents in a certain
layer, the optical constants of that layer are approximately
obtained by applying the effective medium theory. In the
analysis of silver oxide data, void and dense silver oxide were
mixed together in the model, and the Bruggeman effective
medium theory was applied to calculate the effective optical
constants of that mixture layer. In this way, the optical con-
stants of pure silver oxide were obtained from experiment.

V. EXPERIMENTAL RESULTS

The samples were made by evaporating silver onto sili-
con{111) using resistive heating, followed by e-beam evapo-
rating Al, O, or S§i0, on the top. The sample structures and
their nominal thicknesses are given in Table IL. The
ALQO,./Ag/Sisample (Al), was cut into a piece about 1< 1
cm?, and exposed to an oxygen plasma in the SPE asher for 1,

TABLE II. Sample structures and nominal thicknesses.

Sample Sample structure and
designation Nominal thickness
Al ALO, (400 A)/Ag(6000 A)/Si
12A Si0,(800 A)/Ag(400 A)/Si
12B 8i0,(800 A ) /Ag(400 A)/Si

B. N. De and J. A. Wooliam 5804
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FIG. 3. (a) ALO,/Ag-oxide/Ap/Si, (b} Si0,/Ag-oxide and void/Ag/
quartz: models used for ellipsometric data analysis of two kinds of samples
shown in Table 1.

3,35.5, 9.5 and 13.5 h (cumulative). After each exposure,
ellipsometric data were taken for three different angles of
incidence: 60°, 65°, and 70°, and the resulting data for each
exposure were analyzed assuming the three layer model
shown in Fig. 5(a), where the top layer total thickness and
optical constants were assumed to remain constant {with
ashing). Since the silver layer was optically thick (1 ym),
the effect of the silicon substrate was left out of the modeling
scheme. The published silver oxide data®! did not resultin a
reasonable fit to the experimental ¢ and A data, probably
because the silver oxide sample prepared by Mayer and
Muller was fundamentally different from the silver oxide
film prepared in the plasma asher. To obtain the silver oxide

data by VASE, a second experiment was carried out as de-
scribed in the next paragraph.

An optically thick silver sample (I um thick) was pre-
pared and ellipsometrically measured almost immediately
after taking it out of the deposition chamber. The resulting
optical constants were compared with the published data for
sitver,” and good agreement was found. This suggested that
the silver sample was of good guality. The silver sample was
next placed in the asher for three different cumulative times:
10, 30, and 60 s. After each exposure, ellipsometric data were
taken for three different angles of incidence, as in the pre-
vious case, and over the same wavelength range. The 60-s
ashed sample was so black that the ellipsometric data were
not reliable since the photomultiplier tube did not have
enough sensitivity to measure the low light level. As men-
tioned before, to extract the optical constants and thick-
nesses from the modeling and regression analysis of these
eilipsometric data, good guesses of different parameters
were needed. To start from good initial values of extinction
coefficients (k) for the silver oxide layer, absorbance mea-

Silver Oxide

and Void FIG. 6. Ag-oxide/Ag/Si: model

used for the analysis of ellipso-

metric data on ashed Ag/Sisam-
Silver ples.

{1 micron)
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FIG. 7. (a) Refractive index, and (b) extinction coefficient for dense Ag-
oxide, as measured by variable angle spectroscopic eflipsometry.

surements were performed on silver oxide as follows: a 500-
A-thick silver layer was deposited on guartz, and ashed for 5
roin. Absorbance measurements using a UV-VIS absorbance
spectrometer were then made. Ashing for five more minutes
did not change the absorbance data; an indication of the
complete conversion of the silver layer to silver oxide. The
absorbance is defined by the refationship: 4 = a d, where
d =500 A, and a = 4wk /A (A is the wavelength of light).
Thus the measured absorbance provided good starting val-

25 P e e e j
20k Silver Oxide Loo® " :
,5%0

o e
- 1.5 ¢ oﬁ,ﬂ
o= D'
p— B,QV
—
§ 1.0+ ﬁf”

0.5}
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OC\ L_.._._z,/__J. POV SRy S PSP S
1.0 1.5 2.0 2.5 3.0 3.5
Energy, £ {eV)
FIG. 8. Tauc plot for Ag-oxide.
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FIG. 9. Ag-oxide thickness vs ashing time as measured by VASE (sample
Al

ues for the evaluation of the extinction coefficients for the
silver oxide layer. After a two layer model analysis (see
Fig.6) of the ellipsometric data on the 10-s ashed sample, the
optical constants for dense silver oxide were obtained. The

results are shown in Fig. 7. By making a Tauc piot,” EJ& vs
E, where E is the photon energy, the band gap for silver oxide
was found to be 1.3 eV (see Fig. 8).

These silver oxide optical constants were then used to
solve for the thickness of silver oxide and at the same time,
the amount of void present in the silver oxide layer, pro-
duced as a result of ashing sample Al. The resulis of data
analysis are shown in Figs. 9 and 10. From these figures,
notice that the silver oxide becomes thicker with increased
ashing, and at the same time it becomes more dense.

Experiments similar to those described above were car-
ried out for the Si0, /Ag/quartz samples {12A and 12B).
These two samples were cut from the same wafer and from
adjacent locations. They were oxidized in the plasma asher
under nominally the same conditions. The model used for
analysis is shown in Fig. 5(b), and the silicon dioxide optical
constants and layer thicknesses were assumed to remain
constant. The results of the data analysis for various ashing
times are plotted in Figs. 11 and 12. Figure 11 shows the loss
of silver, which is subsequently converted to silver oxide.
Figure 12 shows the total oxide thickness. During the first

100.0 — ——
80.0 + Silver Oxide
® !
‘9: 60.0 T
& . T |
g 400t \]r i
8 1
20.0 +
O_O SRRSO WU ORI SRS S SOV SN ——— —
150.0 250.0 350.0 450.0 550.¢
Thickness, X

FIG. 10. Percentage of silver oxide vs silver oxide layer thickness as mea-
sured by VASE (sample Al).
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FIG. 11. Silver thickness as a function of ashing time for samples 124 and
12B.

two hours of ashing ellipsometric data did not change, indi-
cating that oxygen still did not diffuse through the silicon
oxide layer. Analysis of VASE data show that, as with sam-
ple Al data, a low-density silver oxide interfacial layer is
formed under the initial oxide coating layer. If we assume
that ashing has no effect on the silicon dioxide layer, then the
silver oxide layer thickens by more than 100 A. However, we
believe that the Al, O, and Si0, layers change properties
somewhat, as a result of the atomic oxygen diffusion.

V. SUMMARY AND CONCLUSION

VASE measurements have been successfully applied to
study the chemical conversion of a buried silver layer into
sitver oxide. It was found that atomic oxygen in the asher
penetrated through the silicon dioxide or aluminum oxide
protective coatings to convert the silver underneath to silver
oxide. Increased ashing caused more silver to be converted
to silver oxide. From three angles of incidence spectroscopic
ellipsometry measurements on three silver oxide/silver sam-
ples, the siiver oxide optical constants were calculated. The
band gap of silver oxide was determined to e 1.3 eV, These
optical constants are of general interest, as well as of interest
for this specific application.

1000

o—e Sample 12A
o 900 | e~ ¢ Sample 128 /{:

o e
& i
g ==
S 800t /
(= A/
o 2P
2 . o
S 700 BT

600 | . l ‘ .
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FIG. 12. Silver oxide thickness as a function of ashing tirne for samples 124
and 12B.
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