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A method to determine the distribution of oxygen in surface layers is described. The
experiment consists in measuring the yield of the '®0(p,®)'*N reaction as a function
of the incident proton energy in the vicinity of the 629 keV resonance. Distribution profiles
of oxygen are obtained by comparison Qf the experimental data with the yield curve calcula-
ted on a theoretical -basis. This technique was applied to study the oxide surface layers
made by anodic oxidation of aluminium. Due to the large reaction cross-section and lack
of parasitic reactions the method is applicable even to the samples, which are not enriched
in the isotope '80. Determination accuracy of oxygen concentration is better than 59; and
the depth resolution is 300 A..

1. Introduction

Oxidation processes are of great importance in various branches of modern science
and technology. The most spectacular example is that of solid state electron technology.
Oxide surface layers are widely used in silicon integrated device technology as dielectric
isolation, impurity masking during diffusion, surface passivation and active device die-
lectric.

Studies of the phenomena occurring during the oxidation of surfaces are of great
interest in other fields of solid state physics and technology including metallurgy, electro-
chemistry, electronic components industry efc.

Precise examination of the oxide films structure, being generally of practlcal interest
i.e. of thicknesses below 1 pm is a rather difficult task.
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Using optical methods such as interference microscopy [1] or ellipsometry [2] one
can measure the thickness of the surface layer. It is, however, more difficult to find the
method for the purpose of quantitative analysis of oxygen in the surface layers. This is
mainly due to the very small quantities of oxygen involved, which are usually in the sub-
microgram range. For this reason mass spectrometry is precluded because it is practically
impossible to convert such small quantities of oxygen to a gas. Infrared spectroscopy
has low sensitivity in the case of oxygen and its use is limited to some special
cases [3].

Recently electron microscopy has been succesfully applied to the investigation of
oxide layers [4] although it is rather difficult to obtain some quantitive results.

Neutron activation analysis is hardly applicable for oxygen. This is due to the very
short life times of activation products. The longest life time among the products of oxygen
activation is that of *°O (29s.). The 1°0 isotope can be produced by the 80(n, y) 1°0
reaction [5].

More practical is the activation by charged particles [6-8]. The use of this technique
requires, however, bombarding energy of the particles above 3 MeV. It means that a cyclo-
tron or large Van de Graaff accelerator should be used. Special precautions against radio-
active products of competing reactions, should be undertaken. This involves very often
a fairly complex process of chemical separation.

Nuclear reactions and elastic scattering techniques provide an alternative method
for microanalysis of surface layers. The method is based on the direct observation of
the charged particles produced or scattered in the investigated sample. The bombarding
particles used’ are low energy (0.5-2 MeV) hydrogen or helium ions usually accelerated
in small Van de Graaff uccelerators.

Nuclear reactions were first applied to the study of surface layers by Amsel and
Samuel [9]. Recently this technique was applied to detection of light elements in surface
layers (°B, 12C, *N, 160, 180, and '°F) [10-16].

In contrast to the nuclear reactions, elastic backscattering of heavy charged particles
is mainly used in the analysis of surface layers containing medium and heavy elements
[17, 18]. Recently Meyer et al. [19] have combined the backscattering technique with
the directional effects which occur when the incident beam is aligned with one of the
single crystal axes (channeling effect). This makes it possible to analyze the distribution
of low Z elements on the crystal surface.

One of the greatest advantages of the nuclear reactions and backscattering techniques
is the possibility of the position determination of a given element inside some other
material.

In the case of elastic backscattering or nonresonant nuclear reaction, the concentration
profile can be deduced from the shape of the outgoing particles energy spectra [16, 20].
The better depth resolution is to be obtained using nuclear resonance reactions provided
that the resonance is isolated and its width is less than several keV [14].

In this paper we discuss the application of the 629 keV resonance of the nuclear
reaction *80(p, ®)'5N to the determination of the oxygen concentration profile in Al,O3
surface layers obtained by anodic oxidation of aluminium.
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2. Principles of the method

The concentration profiles of elements in which nuclear resonance reactions occur
can be determined by the measurements of the reaction yield as a function of the incident
particles energy in the vicinity of the resonance energy.

The number of particles emitted from a layer dx at the depth x for the incident particle

energy E, is given by

dN = IQo (Eo—x di )C(x)dx 1)

where: I — number of incident particles, 2 — solid angle of the detector acceptance, o(E)—
differential cross-section of the reaction, C(x) — concentration profile, i.e., the number of

dE
given kind nuclei per cm? at the depth x of the sample, o stopping power of incident
» .

particles in the target material.

In the case where exists an isolated, large narrow resonance in the excitation curve,
nearly all detected particles are produced at the depth interval x in the vicinity of the
depth xz at which the resonance energy Ejy is attained

dE
dx

-1

xg = (Eo—Eg) @

The depth interval 4x corresponds to the main part of a resonance with a width I i.e.

dE
dx

-1
Ax = 2I

In practice this is a good first approximation. The counting rate N(E,) can be therefore
computed by integration of Eq. (1)

Er+TI

dE
N(Eo) = IQ f C[x(E)]o(E) l .

r—I

=1

dE. 3)

By assumption that the concentration profile is a slowly changing function of x (i.e.
C(x) = const.) in the depth interval Ax, and o(E) is given by the Breit-Wigner dispersion
relation, one obtains

-1

N(Eo) = 1.1 IQo(ER)C(x) r @)

dx

N(E,) is therefore proportional to the average concentration C(x) in the depth interval Ax.
The concentration profile can be obtained by measuring the reaction yield, step
by step, at different energies of incident particles. Fig. 1 shows the principle of concentra-
tion profile measurements using the narrow isolated resonance.
The resonances of the nuclear reactions induced by charged particles are seldom
really isolated. They are very often located on slowly changing background, which is
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caused by the neighbouring resonances and/or different reaction mechanism. It is convenient
in this case to divide the reaction cross-section into two parts i.e.

o(E) = o5(E)+0r(E)

Fig. 1. Principle of the concentration profile measurements using narrow isolated resonance

where: ox(E) and og(E) are the resonant and slowly changing parts of the cross-section,
respectively.
The part of the observed yield due to a5(E) is equal to

©

dE
Ns(Eo) = IQ JGS(E)C[x(E)] \ -

-1

dE. )

The quantity Ng(E,) is practically independent of the incident energy. The total observed
yield N/(E,) is therefore the sum of two parts

N(Eo) = N(Eo)+ Ns(Eo), (6)

N(E,) being given by Eq. (4).
~ As the information on the concentration profile is given in the N(E,), C(x) can be
deduced from Eqs (4) and (6).

[N(Eo)— Ns(Eo)]

1.1 I1Qo(EQT

|

C(x) = @)

The contributions to the observed yield due to both parts of the cross-section are schematic-
ally shown in Fig. 2.

In reality the method presented above should be considered as a first approximation
only. To assure higher accuracy of measurements some other factors should be taken
into account. These are:

the exact shape of the excitation curve o(&),

the shape of the incoming beam energy distribution W(Eo, E;),

the energy straggling of incident particles in the target material S(E;, E, x).
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Thus, the relation between N(F,) and C(x) can be obtained by the convolution of all
functions involved.
X

N(E,) = mof of | W(Eq, E)S(Ey, E, x)o(E)C(x)dxdEdE, (8)
S 0.0 0

o

where X, is the thickness of the surface layer.
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Fig. 2. Principle of the concentration profile measurements using narrow resonance located on constant

background. Shaded areas in the excitation curve (a and b) are proportional to the reaction yield measured

at various energies of incident particles. Shaded area in the yield curve (c) shows the contribution from
the resonant part of the excitation curve

Let us now consider in detail the nature of each of the o, S and W functions.
Because of the interference between the resonance and slowly changing parts in the

excitation curve, the shape of the resonance differs from that described by the Breit-

-Wigner formula. The exact shape of the excitation curve can be obtained as a result of

-1
). The energy spread of the incident

. dE
measurements using very thin target (xo <Tr 'd—
: : »

beam is described by the function W(E,, E;). W(E,, E,) is the probability that an incident
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particle in the bombarding beam of average energy E, will have an energy between E,
and E, +dE;. As was shown by Marcinkowski [21] the beam energy distribution out of
the magnetic analyzer is nearly rectangular in shape:

The energy straggling is described by the function S(Ey, E, x), which is the probability
for an incident particle to have an energy between E and E+dE at a depth in the target
between x and x-+dx. The theory of Tchaldr [22], which describes the evolution of the
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Fig. 3. Calculated energy distributions for protons of initial energy Eo = 630 keV after passage various
path lengths in Al,O3:1 — 200 A, 2— 600 A, 3—1000 A, 4 — 2000 A

shape of the straggling distribution as a function of the mean energy loss of a particle,
was used. The results of calculations based on Tchaldr theory, performed for low energy
protons and Al,Oj targets are shown in Fig. 3. The direct determination of C(x) by solving
the integral equation (Eq. (8))is a very difficult task. This can be done using high speed
and large memory digital computers. However the accuracy of several percent can be reached
by the method of successive approximations, which was used in the present work. This,
however, will be discussed in detail in Section 5. Owing to its simplicity the calculations
based on this method can be done even by means of small computers.

One of the most important parameters of the concentration profile determination
method is the depth resolution 4X, which is defined by

-1

dE

AX = (4062, +ad)?-
dx

where: o, — dispersion of the straggling distribution, o; — dispersion of the incident
beam energy.
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The quantity 4X is considered as the depth interval in which the value of concentration
can be determined independently. Because of the o, dependence on the thickness x
traversed by the incident particles in the target, the depth resolution is a function of x.
Fig. 4 shows the variation of the depth resolution calculated for the 629 keV resonance

(I' = 2.5keV) of the nuclear reacticn 80(p, o)!>N.
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Fig. 4. Variation of the depth resolution with the Al,O; surface layer thickness

3. The nuclear reaction *30(p, )N

The *80(p, @)'°N is an exceptionally convenient reaction for the nuclear microanalysis
of oxide surface layers. The Q-value of this reaction is 3.970 MeV. At the incident proton
energy of 630 keV the energy of a-particles emitted at an angle of 150° is equal to 3.3 MeV
and no o-particles corresponding to excited states of SN are emitted.

Owing to the negative Q-value of the '6O(p, )**N reaction and small Q-value of
the *7O(p, ®)'*N reaction (1.19 MeV) there is no interference with these oxygen isotopes.
This makes it possible to detect the *80 nuclei in the natural oxygen in spite of its very
low abundance (0.204 7). The angular distribution of the *80(p, «)'*N reaction is peaked
in the backward direction, hence the angle of detection should be fixed possibly close
to 180°. The excitation curve of this reaction, obtained with the 200 A thick Al,0; enriched
up to 10% 80 at an angle of detection 6 = 150°, is shown in Fig. 5.
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The broad resonance at 830 keV (I' = 30 keV) was used by Price and Bird [23]
for lateral distribution measurements using highly collimated proton beam. It is, however,
impracticable to use this particular resonance for concentration profile measurements.
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Fig. 5. Excitation curve of the *®0(p, %)'’N reaction measured at 0 = 150°

More advantageous is to use for purpose a much narrower (I" = 2.5 keV) resonance at
629 keV.

Some other resonances in the 1000-2000 keV energy range may be also useful [14]
although the cross-section in this energy range are about ten times smaller. This induced
the necessity of the use of targets enriched up to 80-90% in the *80 isotope.

4. Experimental

The proton beam was obtained from the Institute of Nuclear Research Van de Graaff
accelerator. The beam has a diameter of 2 mm on the target and an estimated angular
spread of less than +0.5°. The energy of incident protons was changed by steps of 1-2 keV
in the energy range sufficiently wide to cover the thickness of the measured target. In the
case of 2000 A thick Al,O; target the incident energy was varied from 625 up to 690 keV.

The estimated energy spread of the incident beam was about 1 keV.

The a-particles produced in the *20(p, )'°N reaction were detected at an angle
0 = 150° by an silicon surface barrier detector subtending a solid angle of about 0.03 strd
at the target. Protons scattered from the target were absorbed by 8 pm thick aluminium
foil placed in front of the detector. The pulses due to a-particles were analyzed by means
of conventional electronic system including charge-sensitive preamplifier and linear am-
plifier coupled to the Intertechnique CA25/BM69 multichannel pulse height analyzer.

The construction of the scattering chamber used in our experiments is described in
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detail elsewhere [24]. The Al,O; targets were prepared by anodic oxidation of aluminium
in 180 enriched water containing ammonium citrate. The highest enrichment does not ex-
ceed 10%.

Some targets were made using an electrolyte which was not enriched in 180. The
thickness of the oxide layer formed by anodic oxidation is proportional to the applied
voltage [25]. High purity, 20 pm thick aluminium foil was used.

Thickness of such targets is several times greater than the range of incident protons.
Incident beam charge collected in the target was measured by the current integrator. In

WL\

Fig. 6. Faraday cup. I — scattering chamber, 2, 3 — collimators, 4 — insulator disc, 5 — Faraday cup,
6 — target holder, 7 — contact spring, 8 — insulator (teflon), 9 — detector housing, I0 — magnet,
11 — detector

order to secure accurate measurements some precautions againts escape of secondary
electrons should be made. For this purpose the Faraday cup of special construction was
designed. This is shown on Fig. 6. The Faraday cup and 5-position target holder were
electrically isolated from the rest of the scattering chamber. A long tubule was mounted
at the back of the Faraday cup in order to avoid beam scattering effects when thin
targets were used. The estimated accuracy of the beam charge measurements is about
2%. This is mainly determined by the accuracy of the current integrator.
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5. Results

Figs 7 and 8 shown results of the yield measurements as a function of the incident
proton energy obtained with Al,O, targets enriched up to 8% in *%0.

2000

1000 |- o

E-Ep 5, keV

Fig. 7. Comparison between an experimental yield curve obtained for the 920 A thick, uniform Al,O;
surface layer, enriched up to 8% in *®*O and calculated yield curve (I — without straggling, 2 — with
straggling)

By the full line are shown the calculated yield curves corresponding to a uniform
oxygen concentration 7. e.

) const. x << xo
C) N { 0 x> X,
where x, is the thickness of the oxide layer. Somewhat idealized yield curves, without
straggling, are shown by dotted lines. It is clearly visible that the experimental points
agree well with the solid curves. This similarity does not necessarily indicate that the oxygen
concentration is really uniform, but simply that its variation is too slow to have any in-
fluence on the shape of the measured yield curve.

Rather large cross-section of the 629 keV resonance makes it possible to measure the
concentration profile even by targets which are not enriched in 180.

In Fig. 9 is shown the yield curve obtained by the Al,O; target oxidized anodically
in the electrolyte containing natural mixture of oxygen isotopes.

In order to test the sensitivity of the method, some targets with variable **O concen-
tration were made. This was made in the following way: an aluminium foil was anodically
oxidized at 20V in the electrolyte containing 2% of *80 afterwards the electrolyte was
removed and new electrolyte enriched up to 4% of 80 is poured in, the sample is then
oxidized at -40V. The same procedure was repeated for 6%/60V and finally for
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8%/130 V. According to Amsel and Samuel [9] the 180 concentration in a particular
layer, which was formed by each step of anodic oxidation is not changed by the sub-
sequent steps. In this way the step-like concentration profile of 20 is obtained. In Fig. 10
are shown results of the measurements using such target.

Another concentration profile of *0 was formed in the following oxidation scheme:
8%/40V + 0.29;/80V +89,/120 V. The yield curve measured by this target is shown

2500 |-
2000 |-
1
o<C 1500 [
o

=<

1000 |-

500 |- }
1 | | I |
50 100 150 200 250
U v

Fig. 12. Variation of the Al,O; surface layers thickness as a function of the anodic oxidation voltage

in Fig. 11. The solid curves in parts of Figs 10 and 11 representing the concentration
profile are the best fits of theoretical calculations based on Eq. (8) to the experimental
points. This was made by the method of successive approximations. The starting form of
the concentration profile C(x) (first approximation) was obtained using Eq. (7). Next
C(x) was varied until the minimum of the y2 value was obtained. x* was defined as usually

i=n
- ( N:.xp — N;:alc.)Z
r=)
i=1 ’
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where: 7 is the number of experimental points, N and N;*° are experimental and
alculcated yields respectively, corresponding to the energy E;. The good agreement be-
tween the calculated profiles and that predicted from the anodic oxidation data (shown
by dotted line in Figs 10 and 11) confirms the assumption of independent formation of
each layer in the course of anodic oxidation.

Fig. 12 shows the variation of the thickness of uniform oxide layers with the voltage
applied in anodic oxidation. The thicknesses are determined from the measured yield
curves using the fitting procedure described above. The characteristic linear dependence
of thickness versus voltage is clearly visible. The straight line in Fig. 12 has a slope of 12
A/V. Results of the thickness measurements are strongly influenced by the accuracy of the
proton stopping power data. The stopping power of aluminium and oxygen for protons
in the 600-700 keV energy range calculated by Williamson ez al. [26] are in good agree-
ment with experimental data compiled by Bichsel [27] and were taken as a basis to the
Al,O, stopping power calculations. This can be done using the Bragg rule [28].

6. Conclusions

The experimental method described could be used in various fields of surface scientific
and technological problems in which the processes of oxidation are involved. Owing to its
great sensitivity and lack of parasitic reactions this method is applicable to the study
of oxide layers, which are not enriched in the **O isotope. The accuracy of the concentra-
tion profile measurements is of the order of 5% with the depth resolution of 300 A. The
typical measurements time is about 6 hours. However, this number can be easily lowered
by the use of a second detector and/or by enlarging the solid angle of detection.

The authors would like to thank Dr J. Turkiewicz for his continued interest in this
work and R. Sochacka, M. Sc., for help in handling the samples.
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