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ABSTRACT

The new technique of differential reflectometry was applied to study the characteristics of

non-flow corrosive media on the corrosion of copper metal. Differential reflectometry is a form of
modulation spectroscopy which measures the normalized difference in reflectivity between two

samples, or two adjacent areas of the same sample.

In this study, following results have been found. (a) The exact thickness of cuprous oxide film
can not be estimated from the intensity of the differential reflectivity at a given wavelength

because optical constants for cuprous oxide have not been measured yet. However, it is suggested
that the film formed during 69 h of polarization is within about 50 nm thick. (b) Cuprous oxide
film grows substantially with time in the first about 45 h of polarization after which the growth is

slower.

INTRODUCTION

It is well known that the technique of X-ray
diffraction is capable of monitoring the layers of
corrosion products forming on the surface of

metals! 4 .

But X-ray diffraction techniques,
which probe as much as Imm into the surface
of a metal, will often not show an oxide layer
on the outer 10_ nm of the surface.

Differential reflectometry has been shown
to be a powerful tool for investigating thin film

corrosion products in the thickness range up

to about 5 nm®’. In addition, the technique is
able to identify the species of thin film corrosion
products and to be performed in si-tu.

Thin film corrosion products such as oxides,
hydroxides, chlorides, or something else of alu-
minum, copper, or silver can form insulating or
rectifying contacts on electrical equipments.
They are therefore of great concern in the field
of electronic materials,

A differential reflectogram is obtained by
scanning monochromatic light across a corroded

and an uncorroded area of a metal at the saine
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time and measuring the normalized difference
in reflectivity (/XR/R) as a lunction of wave-

R, -~ R,

m Where

length()). Here, AR/PF is

R; and R, are reflectivities of a corroded and an
uncorroded area of a metal, respectively.

A given corrosion product is characterized
by specific peaks in a differential reflectogram
which are due to electron transitions from one
energy band to another, or other electron effects.
Thus the features in a differential reflectogram
can generally be related to calculated electron
band diagrams.

The purpose of this work was to obtain
information about the thickness of cuprous
oxide film as a corrosion product of copper
metal and to investigate the growth kinetics of
cuprous oxide film on copper substrate.

Copper metal was chosen as the sample
upon which thé corrosion product film was
formed, since copper has a fairly well-character-
ized corrosion product (cuprous oxide) which
has a visible color. In addition, theoretical®) and
experimental7) Pourbaix diagrams have been
established and the electronic band structure of

cuprous oxide is known®

EXPERIMENTAL METHOD

A detailed description of the differential
reflectometer has been given by Holbrook and
Hummel®’. An improved version of this instru-
ment was shown in Fig. 1.

Light coming from a monochromator is
alternately scanned by a vibrating mirror across
the corroded and protected areas. The total area
scanned is about 2 x 4 mm?. The signal from a
photomultiplier tube (PMT) which picks up the
reflected light from the sample is electronically
processed to obtain the normalized difference in

reflectivity (AR/R). The average value of the

Light source

Photomultiplier
tube '

recorder

Fig. 1. Schematic diagram of the differential reflecto-
meter.
two reflectivities, R = (R;+R,)/2, is held con-
stant by a PMT high voltage servo. An X-Y
recorder plots AR/R automatically as a function
of wave-length. A scan between 200 and 800 nm
requires about one minute.

For the preparation of samples, copper discs
were cut from a 15mm diameter bar of 99.99%
pure copper and immersed in 20% HNO,
(HNOj;: E.P, Fisher chemicals) for 15 h.

The disc was then mechanically polished
through 1° um diamond paste using standard
After that, the disc
was devided into two parts which were electri-

metallographic technigues.

cally insulated from each other with Miccroflex
(Trademark of Michigan Chrome and Chemical
Co., Detroit, Michigan.) and then fabricated for
a disc electrode (Fig. 2). For the formation of
cuprous oxide film as a corrosion product, one
part of the disc electrode was held at the pro-
tective potential (600 mV, SCE!®)) and the

b 15 Cm—-i

Fig. 2. Schematic reperesentation of the disc electrode
used in this work.
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other part held at the corrosion potential (-200
mV, SCE) in the corrosive media. The corrosive
media were buffered solutions of pH 9.2 and
were stationary in the corrosion cell.

They consisted of 143 ml 0.7M H3;BO;
{H3BO3: E.P, Fisher Chemicals) mixed with 117
mi 0.5 M NaQH (NaOH: E.P. Fisher Chemicals),
diluted to 2000 m} solutions with triple distilled
water. The solutions were deaerated with nitro-
gen for at least 1% h prior to any given experi-
ment. No adjustment in solution pH was made.
Fig. 3 shows the corrosion cell designed for the
in si-tu examination of thin film corrosion pro-
ducts.

Sample
wire
l THz l
\ d
Quartz
window Teflon holder
P&timme
Sample
Sait bridge i LH

Fig. 3. Schematic diagram of the corrosion cell used
for in situ experiments.

It consists of a quartz window for the light beam
and a Teflon (Trademark of E.I. DuPont de
Nemours and Co., Inc) sample holder to keep the
sample rigidly fixed at the focal point of the
oscillating mirror. The auxiliary or platinum
electrode is in the form of a ring around the
sample in order to avoid interference with the
light path.

The materials which are in contact with the
corrosive media solutions other than the sample
are made of quartz, Pyrex (Trademark of Corn-
ing Glass Works), Tygon (Trademark of Norton

Co.) and Teflon.
thermostatically controlled water bath kept at
20°C (£0.2°C).

A potentiostat (RDE 3 type, Pinc Instru-
ment Co., US.A.) maintained a constant poten-

The cell was mounted in a

tial difference between the sample electrode and
the reference electrode (Saturated Calomel Elec-
trode).

EXPERIMENTAL RESULTS AND
DISCUSSION

The Pourbaix diagram (Fig. 4) for copper
presents that at least three solid species are stable
depending upon potential and pH: copper, cup-
rous oxide and cupric oxide. The corrosion pro-
duct for copper such as cuprous oxide or cupric
oxide can therefore be obtained separately using
the Pourbaix diagram. Fig. 5 shows structures of
differential reflectograms obtained by holding
copper potentiostatically for wvarious time
(0-69 h) in the cuprous oxide region of the
Pourbaix diagram. Some experimental evid-
ences’>'1) have pointed out that cuprous oxide
co-exists with cupric hydroxide in a certain
region of the Pourbaix diagram. The solubility of
cupric hydroxide in water is, however, larger
than that of cuprous oxide and cupric hydroxide
is also less stable thermodynamically than cup-

rous oxide.’

> 500 _ 5
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Fig. 4. Theoretical (a) and experimental (b) Pourbaix
diagrams for copper in chloride-free solution.
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It is therefore reasonable to assume that in this
experiment, which used polarizing times of
several hours, any cupric hydroxide might have
been dissolved. Thus, Fig. 5 depicts evidently
differential reflectivities caused by formation of
cuprous oxide with increasing polarization time.

Immediately after immersion of the sample
into the solutions, the differential reflectogram
shows a flat spectrum with no evidence of struc-
ture (Fig. 5-a). During the first 3 h of polariza-
tion, the curve decreases slightly with decreasing
wavelength without displaying any major struc-
ture (Fig. 5-b). It is suggested that this type of
reflectogram is caused by the formation of cupric
hydroxide. Akimov et al.'') observed a similar
decrease in reflectivity using electroreflectance
measurements and attributed this to a co-exis-
tence of cuprous oxide and cupric hydroxide.
After about 6 h, some structural characteristics
for cuprous oxide begin to appear (Fig. 5-¢). The
amplitudes of the peaks increase with polariza-
tion time, and the curves more nearly approach

range, where the film is up to approximately
50 nm thick, the structure in a differential re-
flectogram is constant and unique for each kind
of film. In this case, the film thickness can be
calculated wusing the differential reflectivity
obtained experimentally and following equa-

tions!415),
_ R, -R
ARR=—1 2 (1
(R1+R2)/2
2 2
R, = (n2-n0) +k2 2 ()
1 (n,+n)* +k,?
2 (o} 2
where n, is the index of refraction of the

medium surrounding the sample, which here is
1.3316). n, and k2 are indices of refraction

and adsorption of the sample, respectively.
tively.

those known for cuprous oxide (Fig. 5-c~g). The (glz+h12)e' 20‘-r(g22+h22)ew‘+Aoos21-l-Bsin2r

features in differential reflectograms (Fig. 5-a~d) R2= e 2a_'(g12 +h12 )(g22+ h22)e2 @4 Coos2r+Dsin2r
are similar to Shanley’s results !2) for cuprous
oxide which were identified using optical techni- e (3)
ues.
d where

As shown in Hummel’s study! 3), any experi-

mentally observed peaks in differential reflecto- A=2g 8, t h1h2) , B=2gh,— gzhl)

grams of corrosion product films are caused by C= z(glgz_ hlhz) . D= 2(glh2 + gZhl)

electron interband transitions and amplitudes of

the peaks increase with growth of corrosion pro- no—z—-n12~—'k12 n 12._‘11 2"2 +k 12_ k 22

duct films. Thus, Fig. 5 indicates that cuprous & = gy= k)
+ 2

oxide film grows with increasing polarization (no+n1) +k1 (ny 112) (ky 2

ime. It i rthwhile to kno hether o t

time. 1t is worthw ? w W : r or no i 20k, 20 k)

the thickness of a corrosion product film can be h, - o h 1722

ngtn? +k? 2 (aprnP Hk vk
(ngtn 17 1%

estimated from the intensity of the peak in a i

differential reflectogram.

2 n d
—— [radians]

There are three distinct ranges relating film 2ak.d
~ - - - 1 [radians] =
thickness to differential reflectivity. In the first = X A
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Fig. 5. Differential reflectograms of copper held potentiostatically at -200mV (SCE), pH 9.2 and 20C

for various times.
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Fig. 5. Differential reflectogroms of copper held poten-
tiostatically at -200mV (SCE), pH 9.2 and 20T
for various times (continved)

where ny k1 and d are indices of refraction,
adsorption and thickness of the corrosion pro-

duct film, respectively.

In the second range. extending from 50nm
to a thickness of about 750nm, interference
effects which occur when the film thickness is of
the same order of magnitude as the wavelength
of the incoming light dominate the spectra. In
this case, interference peaks occur in the differ-
ential reflectogram. If only one interference
peak, which is a one oscillation-type, exits in the
differential reflectogram, it is also possible to

estimate the greater film thickness by applying

the equation(4)”).
d= M (4)
Sn1

where A is the position of the longest wave-

length peak at which interference starts to occur.

For the case in which the reflectogram exhi-
bits three or more interference peaks, the thick-

ness may be found from the equation(5)!7).

d=(n) /(A A /Ay -2 p)—mmmmmm (5)

In equation (5) A, is the position of a given
peak and b is the position of the second peak
from A,

Finally, in the third range, where the film
thickness is greater than 750nm, the differen-
tial reflectogram will again be unique for each
corrosion product. However, peak intensities
will be unaffected by increasing film thickness.
In this case, the film thickness can usually be
analyzed by X-ray techniques.

In Fig. 5, the structures of differential
reflectograms are constant and unique for each
time of polarization. The emergence of a new

peak after 24 h of polarization can be clearly
identified, by reviewing Urban’s publication] 7),
as being caused not by interference effects but
by the growth of cuprous oxide film. The film
thickness of cuprous oxide can therefore be cal-
culated by applying equations (1)~(3).

optical constants

However, for cuprous

oxide have not been measured yet. Only those

for copper metal'®'®) and cupric oxide?®) have
been measured. For this reason, it is impossible
to estimate the exact film thickness of cuprous
oxide, while it can be suggested from the consi-
deration discussed above that the film is within
about 50nm thick even during 69 h of polariza-
tion.

In order to investigate the growth kinetics
of cuprous oxide film on copper substrate, the
differential reflectivity for the wavelength of
380nm (which positions main peaks in Fig. 5)
is plotted as a function of polarization time in
Fig. 6. It can be seen in the figure that a consi-
derable change in slope of the curve at about
45 h of polarization. The slope of the curve
during the first 45 h of polarization becomes
somewhat larger than that of the curve appeared
after the time. It can be also known by extrapo-
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Fig. 6. Differential reflectivity for the wavelength of
380nm versus polarization time.

lating the curve that, after 69 h of polarization,
the differential reflectivity is approaching 10% of
the steady value. These results indicate that cup-
rous oxide film grows substantially with time in
the first about 45 h of polarization after which
the growth is slower.

CONCLUSION

In the application of the technique of differ-
ential reflectometry to this study, it is found that
structures in differential reflectograms for cup-
rous oxide film are constant and unique. But the
thickness of cuprous oxide film can not be esti-
mated exactly because optical constants for
cuprous oxide have not been measured yet. How-
ever, it is suggested that the film formed during
69 h of polarization is within about 50nm thick.

The technique is also capable of investigating
the growth kinetics of cuprous oxide film. It
shows that cuprous oxide film grows substantial-
ly with time in the first about 45 h of polariza-
tion after which the growth is slower.
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