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Synchrotronsx-ray-scattering technique studies of copper and silicon elec-
trochemical interfaces are reported. These two examples illustrate the
application of synchrotronsx-ray techniques for oxidation, passivation, and
dissolution of metals and semiconductors.

INTRODUCTION

Microscopic understanding of formation, structure, and breakdown of passive films
on metals in contact with water or moisture is a critical issue in industrial nations because
corrosion of metals is responsible for billions-of-dollars waste. Also, surface oxidation
and dissolution of semiconductors is one of the cental steps in semiconductor technolo~.
Therefore, first-principal, fundamental understanding of interracial oxidation is a critical
issue in corrosion science and in semiconductor science. The most direct way to inves-
tigate such interfaces is to perform structurally and chemically sensitive measurements
during real-time, in-situ electrochemical control. For this reason, we developed in-situ
x-ray-reflectivity techniques for investigation of interracial oxidation and successful ap
plied them for several systems Two examples will be dicussed in the forthcoming sections
after a brief review of the concept of x-ray reflectivityy and a schematic description of
the x-ray/electrochemical cells. Only an outline of the experimented results will be given
in this paper, the details of the experimental data and the data analysis are published
elsewhere.

X-RAY REFLECTIVITY

A beam of x-rays impinging on an interface formed by two adjacent media, like
any other electromagnetic wave, follows the laws of classical optics; in particular, Snell’s
law and Fresnel’s law of reflectivity. The index of refraction is always less than unity
for x-rays. The best known consequence of this is the total external (total reflection
back to the sparse medium) reflection of x-rays at angles below the critical angle (6.)
of incidence, that is typically smaller than 1°. One can therefore write the equation for
Fresnel reflection amplitude for a sharp interface as

RF =
sin 0 — sin20 – sin26C

[1]
sin 8 + sin2d – sin2(lC

where the angle of incidence (0) and 8Care measured with respect to the interface. For

19< 19C,the value of < sin26 – sin28. becomes an imaginary number and the reflectivity



is unity. For 0>> 6C,the reflectivityy (/RF12)falls off with (sin 19C/sin 0)4. It is customary
to express the measured reflectivity data in units of momentum transfer, Q = 47Tsin 6/A,
and this unit will be used throughout this paper.

Equation [1] is accurate when the interracial width is small compared to the wave-
length of the x-rays. For a rough interface, the electron density normal to the interface
changes gradually, and the width of the interracial region may become larger than the
wavelength of the x-rays. In this case, the reflectivity relation can be approximated (1)
by

./

‘/(2) iQz~z
R(Q) ~ RF ~e [2]

The reflectivity falls off with increasing ang~eof incidence as l/Q4 for an ideally sharp
interface. However, a non-ideal interface has a finite width and the reflectivity falls
off faster than l/Q4. Although the dynamical solution (2, 3) of the x-ray reflectivity
from a series of interfaces is somtimes needed, the single scattering (kinematic) limit has
been widely used due to its computational simplicity. Since the reflection amplitude is
much smaller than unity above the critical angle, the single scattering limit is a good
approximation. Also the kinematic approach clearly identifies some of the important
physics in the equation which can be easily obscured in the dynamic treatment. In
such limit, for example, we can see that the reflectivity from a system of two interfaces
dividing three media can be written as,

1 = IR112+ ]R212+ 2RIR2 COS(#l – 42) [3]

where IR112and IR212are the reflectivities from the two individual interfaces whose
critical angles are determined by the index-of-refraction difference and 2R1R2 COS(g$l– 42)
is the interference between the two interfaces. Therefore, the x-ray reflectivity from a
pair of interfaces has an oscillatory component. Conversely, if there is an oscillatory
component in the x-ray reflectivity data, one can conclude the presence of two or more
distinct interfaces. In addition, the amplitude of the oscillation is determined by the
combined width of the two interfaces. Therefore, if and when a layer of oxide forms at
the interface its characteristics (such as thicknesses and roughnesses) can be studied by
analyzing the reflectivity intensity in situ while we continuously grow the oxide from
monolayer level to a macroscopic layer of oxide.

X-RAY/ELECTROCHEMICAL CELL

The deep penetration length of x-rays through aqueous solutions is the important
feature that permits in situ electrode/solution interface studies. Nevertheless, absorp
tion of x-rays by the aqueous solution is still an important experimental issue. Two
different approaches are generally used in designing x-ray/electrochemical cells as shown
schematically in Fig. 1 (a) and (b), respectively (4) .Design (a) is using the thinnest
possible water layer for experiments with low-energy x-rays, while design (b) permits
the use of less absorbing, high-energy x-rays.

The x-ray flux transmitted through the water layer can be approximated by a nu-—
merically convenient form, assuming unit reflectivity at the electrode/solution interface,
as follows:

T(E) = S(E)e-A3t(ei’eO)d/3 [4]
where A, d, 190,and L9iare the x-ray wavelength in angstroms, the thickness of water in
cm– 1, and the incident and the exit angles, respectively. The incident and exit angles
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are measured with respect to sample surface. S(E) is the incident flux which is relatively
constant over a wide energy range. The parameter

t(ez, !90)=
{

1/ (sin 6Z+ sin 190) reflection
sin 0~+ sin 190 transmission

[5]

is the path length per unit thickness of water. For 12-kV x rays (A = 1 ~), the path
length of 0.3 cm attenuates the x-ray intensity to a factor of l/e. As we can see in Eq. [4]
the transmission of x-rays is an extremely sensitive function of wavelength (and of the
x-ray energy). This simple equation can be useful in designing either types of cell.

The thin layer cell is advantageous because x-rays of 8-kV energy range are more
readily available but have a limitation in achieving a true in situ condition. On the
other hand, the transmission cell permits more electrochemical control for a true in situ
operation. However, higher-energy x-rays for the transmission cell are available only
at more advanced and powerful synchrotrons and the availability of beamlines for such
energy ranges are more limited despite some obvious advantages of the transmission cell.

CORROSION AND PASSIVATION OF COPPER

In this section, we will discuss briefly one of our early studies on copper film
electrode (deposited on single crystal silicon substrate) under electrochemical potential
control in borate buffer solution. Here we demonstrated that one can probe directly
the structural transformations that occur during oxide formation/reduction at copper
surfaces in contact with aqueous solutions (4). Figure 2 shows three x-ray-reflectivity
scans. In descending order (offset for clarity) taken at (i) a reducing potential of –0.8 V
(versus saturated calomel electrode), (ii) at an oxidation potential of 0.4 V where forma-
tion of passive oxide film is expected, and (iii) after subsequent reduction at –0.8 V. In
all three scans, the reflectivity is unity up to the critical angle of total external reflection
for copper as expected. When no oxide layer is present, reflections from solution/copper
and copper/silicon interfaces interfere due to the path difference and produce an oscil-
latory reflection. At the oxidation potential, the reflection changes markedly due to the
presence of passive oxide layer (4). The thickness of oxide deduced from the curvefitting
the data to a three interface model was ~30 ~ consistent with the total anodic charge
transfer in the cyclic voltammetry measurements. The resistance of 30 ~ oxide is suffi-
ciently large to protect the copper from being further oxidized. Upon reduction of the
oxide at – 0.8 V, (the last scan shown in Fig. 2) the sharp oscillation in the reflectivity
scan was restored indicating that the oxide has been removed. In subsequent reflectivity
scans at various potentials over several potential cycles, the hysteresis shown in the struc-
tural change was totally consistent with the reversibility in the cyclic voltammogram.
Some unexpected new results were also observed. The oxide/solution and oxide/copper
interfaces roughened conformably during oxidation indicating that the thin but uniform
oxide layer conforms to the copper surface morphology. This suggests that the copper
surface in contact with solution still maintain an equi–potential surface during adiabatic
potential change. Also it was found that the hysteresis loop of the interface roughness
does not completely close, indicating that the roughnesses increase gradually after every
oxidation/reduction cycle. This indicates that the grain boundaries recover only partially
their original morphology upon reduction, and that the interface becomes progressively
rougher upon repeated oxidation/reduction cycles.



ANODIC-OXIDE MULTILAYER FORMED ON SILICON

Galvanostatic polarization of silicon wafers in strong inorganic acids at a temper-
ature of 50 to 70 0C, produces an interesting phenomena: an oscillation of the anodic
potential. The origin of this oscillation is probably the alternating processes of the an-
odic oxide growth and its local spontaneous dissolution (5,6) similar to what is suggested
for other existing cases of oscillatory electrochemical kinetics (7).

Kinetics of the anodic oxide growth measured for pSi (100) wafers (2-6 Ohm-cm)
in 0.2-1 M phosphoric acid is shown in Fig. 3 (a). Oscillations of the anodic potential
start when its value exceeds 17-19V. The amplitude of oscillations decreases with time
until they disappear at potentials above 45-50V. The upper curve (marked by ’2’) was
measured at 2 mA cm–2 current density and the lower curve at 0.5 mA cm–2. At the
points of maxima and minima of the lower potential curve, the anodization process was
halted, and the surface was studied by x-ray reflectivity measurements.

Figure 3 (b) shows the x-ray reflectivity curves taken from four samples grown at
the same current density of 0.5 mA cm-2). The reflectivity scans and the correspond-
ing electron density profiles are for the four different stages of the oscillatory kinetics
as marked by arrows in Fig. 3 (a). All curves show well-defined intensity oscillations
suggesting the presence of surface film. Samples (1.1-1.3), which correspond to the first
period of the anodic potential oscillations, show a simple oscillatory amplitude of the
reflected beam. This is a result of interference of x-rays reflected mainly from top and
bottom interfaces of an uniform oxide film. However, sample 1.4 shows oscillations with
a more complex amplitude. In addition to the main oscillation seen in first three sam-
ples, another oscillation with a period nearly half of the main oscillation appears in the
reflectivity curve. Even without performing fitting of the reflectivityy curves one can rec-
ognize a two-layer structure of the oxide in sample 1.4 which corresponds to the second
maximum in the oscillation of the anodic voltage.

In order to determine the quantitative parameters for the oxide films formed dur-
ing the voltage oscillations, the reflectivity data were fitted using a dynamical method
introduced by Parratt (3). The fits to the data are shown by lines in Fig. 3 (b) and
the corresponding electron density profiles in Figure 3 (c). It is interesting to note that
although the anodization time for sample 1.2 is twice as much as that for 1.1, its thick-
ness is only slightly higher. This means that while the anodic potential saturates, the
efficiency of the oxide growth is significantly decreased.

Sample 1.3 shows considerably thicker overall oxide (faster oscillation in the re-
flectivity) indicating that the oxide layer grows rapidly in the time interval marked by
the arrows 1,2 and 1.3. At the same time, the electron density profile shows a marked
change. At the depth of w1OO~ from the surface there is a large drop in density, prob
ably associated with the formation of large pores. They occupy about 209’0 of the oxide
volume. This region of lower density separates two oxide layers of higher density, each
with the properties similar to those of the sample 1.1 and 1.2. The further increase of
the potential (sample 1.4) is probably caused by thickening of the uniform high density
oxide beyond the density minimum until the further growth is inhibited and the second
density minimum starts to develop.

Remarkably, we were able to establish a clear-cut evidence of multi-layered struc-
ture of the growing oxide film based on our x-ray measurements made during and after
the longer series of oscillations marked by ’2’ in Fig. 3 (a). In order to explain this
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observation of multilayer formation during oscillatory oxidation, a new mechanism for
the oxidation/dissolution was proposed (8).

CONCLUSION

In this article we have reviewed elementary aspects of synchrotron-based x-ray-
reflectivity techniques and some preliminary applications to the investigation of oxide
formation at liquid/solid interfaces. We have shown the exclusive capability of providing
detailed structural information on liquid/solid interfaces. In the case of copper electrode,
we were able to observe directly the copper surface passivation upon anodic oxidation
and to characterize the surface during the cyclic oxidation/reduction. In the case of
silicon electrode, we established that the long-observed potential oscillation during the
oxidation accompanies the formation of a multi-layer alternation between low- and hlgh-
density oxide layers.
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Fig. 1. Two types of cell geometry. (a) Thin
x-ray-transparent, chemically resistant mem-
brane is used to trap thin capilary water layer.
(b) Similar membranes are used to forma pair of
side walls to trap the bulk of water.
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Fig.2. A set of x-ray reflectivity scans measured
for copper/solution interface with schematic of
experimental geometry (inset).
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Fig. 3. Kinetics of p-Si anodization in 1.OM
H3P04 at 50 ‘C and current density of 0.5
mA/cm2 (curve 1) and 2 mA/cm2 (curve 2). The
arrows mark the moments when the anodization
process was stopped to obtain the samples 1.1-1.4
snd 2.1-2.5. (b) Reflectivity scans from the sam-
ples 1.1-1.4 and corresponding electronic density
profiles (c). The experimental points are rarefied
three times to make fit curves visible.


