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Abstract

A study of the intermixing of the elements in amorphous Si-Ge multilayers have been carried out using
Rutherford backscattering Spectrometry (RBS) technique. Interdiffusion coefficient was determined by
measuring the intensity of the first Ge peak (having best depth resolution) in the RBS spectrum as a function of
annealing time. The oxygen content of the multilayer was measured by the resonance elastic scattering method in
co-operation with Dubna. A cross comparison of multilayered films were performed between the laboratories in
Debrecen, Dubna, Albany and Dhaka. An essay to determine the nitrogen content of CVD diamond by the
deuteron induced gamma ray emission method has been done.

1. Introduction

Ion beam analytical methods using MeV energy beams are very useful for determination of
elemental concentrations, depth distribution, surface topography especially of thin films, because of
their near surface character. They are sensitive for many elements, capable of performing
multielemental analysis even in small amount of material, and — in most cases — they are
nondestructive.

In this paper the results of the co-ordinated research program are presented as follows:
a) the study of amorphous Si-Ge multilayer samples (trying to resolve the successive Ge and

Si layers as well as possible, to determine the oxygen content of the samples),
b) a cross comparison of RBS analyses of CuIn(1.X)GaxSe2 films,
c) an essay on determination of N content of Chemical Vapour Deposited (CVD) diamond

samples with the use of the deuteron induced gamma ray emission (DIGE) technique.

2. Method

The facility used for the characterisation of thin films is the 5 MV Van de Graaff accelerator of
ATOMKI equipped with a scanning nuclear microprobe commercially available from the Oxford
Microbeams Ltd [1]. The octagonal sample chamber is equipped with an XYZ target manipulator
stage. A long working distance binocular zoom microscope viewed by a colour CCD camera is used
for monitoring the beam on the front face of the sample and for observing the specimen under
bombardment. The sample chamber is furnished with detectors capable to detect X rays, backscattered
particles, gamma rays and secondary electrons simultaneously [2]. This chamber is regularly used for
RBS analysis both with macro- and micro-beam.

Backscattered particles are detected by a partially depleted CANBERRA PIPS detector of
50 mm2 active area, 14 keV nominal resolution set at 160° to the direction of the beam. Both the
hardware and software of the data acquisition and scan control system have been provided by Oxford
Microbeams Ltd. and built on an IBM compatible PC (Pentium processor) with MS Windows system
software environment (Windows 95 at present). The RBX computer programme package [3] is used
for the evaluation of the measured RBS spectra.
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For the analysis of the DIGE measurements a Clover-Ge-BGO detector system has been used,
which consists of a so called 'clover' type composite HPGe detector surrounded by a bismuth-
germanate (BGO) anti-Compton shield [4]. The evaluation of gamma spectra were performed by
computer codes FLORENCE (not published) and FORGAMMA [5].

3. Investigation of amorphous Si-Ge multilayers

Multilayers are of considerable industrial interest because of their specific properties and many
promising areas of applications in electronics or optics like X ray and UV mirrors, giant magnetic
resistance and magnetic recording, etc [6]. However, the multilayers as artificial, compositionally
modulated materials are not equilibrium structures. In particular, they have high interfacial density
gradients and sufficient atomic mobility even at moderated temperatures, hence changes in the
composition profile are expected to occur. Thus, investigation of the thermal stability and
understanding of the factors controlling structural changes of these multilayers is very important for
the interpretation of their operation and prediction of their lifetime.

Concerning amorphous Si-Ge multilayers the mechanism of their diffusional homogenisation is
still an open question. First of all the diffusional asymmetry (manifested in the strong concentration
dependence of the interdiffusion coefficients) and the strong porosity formation during the diffusional
mixing are the most important factors indicating the need of a better understanding of the above
process. The strong concentration dependence can result in non-linearities in the diffusion process.

The interdiffusion and thermal stability of amorphous Si-Ge multilayers were studied previously
in experiments where low-angle X ray diffraction was used [7,8]. The low angle X ray diffractometry
is a powerful, widely used technique for determining the interdiffusion and thermal stability in
compositionally modulated Si-Ge films. However the X ray approach limits the repeat length of
multilayered films to a few nm in order to have acceptable reflection angles with the available X ray
wavelength. An alternative non-destructive technique is the RBS. Using glancing incidence geometry
the depth resolution of it is such that the composition modulation is detectable in Si-Ge multilayers
with respect to a distance of the order of 3—5 nm.

The combination of our previous techniques (i.e. X ray diffractometry, etc.) with the Rutherford
backscattering technique and other IBA methods, could help us to measure the concentration profile
directly, as well as to determine possible impurities in the samples.

4. Sample preparation and measurement

The amorphous Si-Ge multilayers were prepared by DC magnetron sputtering from alternating
elemental targets onto (001) silicon wafers [9]. The dimension of the substrates were 10x10x0.3 mm3.
The base and argon pressure during the deposition were 5-10"7 mbar and 540'3 mbar, respectively. The
sputtering rates of Si and Ge were adjusted between 0.1-0.25 nm s"1. The modulation wavelength was
designed to range from 10 to 40 nm with nearly equal thicknesses of sublayers which were monitored
in situ using vibrating quartz crystal method. The total thicknesses of the Si-Ge films varied from 55 to
220 nm. To get sharp interfaces, the sputtering process was interrupted after the deposition of each Si
and Ge sublayer and a delay of 1 s was inserted between the closing and opening of the shutters.

For annealing a construction of a furnace in the scattering chamber of the nuclear microprobe
has been made. The aim was to perform in situ annealing during the RBS analyses which was thought
to be more precise and safe. However, the long annealing time (150 hours) — which was needed to
achieve measurable intermixing of Si and Ge — made it necessary to perform annealing in a separated
vacuum chamber. Thus the specimens were placed in high purity (99.999%) Ar atmosphere. In order
to prevent the crystallisation, the annealing temperature was chosen definitely lower than the phase-
transformation temperature of the amorphous Ge. As above ~ 430°C for amorphous Ge and ~ 630°C
for amorphous Si rapid crystallisation sets in, we chose 410°C for the annealing treatments. The
temperature was measured by a Ni-Cr-Ni thermocouple attached to the sample holder and controlled
within a few °C. Corrections for annealing durations were made by taking into account the heating up
and cooling-down times.
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The RBS analyses were performed at Ea = 1000 keV. For increasing the depth resolution
glancing incidence was applied. The sample was tilted to 60° using a home-made sample manipulator.
For the measurements the detector was collimated down to Q. = 5 msr. The measurement parameters
were optimized by calculating the depth resolution for Ge and Si at different depths, depending on ion
energy, incidence angle, detector resolution and its solid angle. Fig. 1. Shows a typical RBS spectrum
for the above mentioned samples and conditions.

5. Results

5.1. Interdiffusion

The interdiffusion coefficient was obtained by evaluating the decrease of the oscillation
amplitudes of the measured RBS spectra. As the depth resolution decreases with increasing depth —
from where the ions scatter back — we have chosen the first Ge peak to monitor the changes caused
by the annealing treatment. The maximum of the first Ge peak was determined by a fitting procedure
and its annealing time dependence is illustrated in Fig. 2.
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Fig. 1. Typical RBS spectrum of a Si-Ge multilayer.
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Fig. 2. Ge amplitude modulation in the first layer as a function of annealing time.

In order to obtain the interdiffusion coefficient (D) for the process we used the same
procedure as in ref. [10], where the calculations were made on the base of Fick's second equation. For

the details of these calculations see ref. [11]. As a result the value £>= (4.35±0.22) -10~22 mV1 was
obtained for the beginning of the interdiffusion process, which characterises the Si diffusion in pure

Ge. After a long annealing treatment (150 hours at 410°C) D was (4.55+0.25) -10 m s , which is
characteristic for a SituGeo.s alloy. Our results confirm the theoretically predicted strong concentration
dependence of the interdiffusion coefficient.
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5.2. Comparison of different methods

As the mobility of the Si is approximately eight times higher than that of the Ge, the intermixing
in Si-Ge multilayers is asymmetrical. Therefore a thickening of the Ge layer is expected to occur,
which could cause a visible change in the shape of Ge peaks in the RBS spectra. However for the
direct observation of this effect very good energy resolution and optimal measuring conditions are
needed. This makes important to compare the instrumentation available in different laboratories. With
our instrumentation a depth resolution of 5 nm could be achieved for the first Ge layer at 10-20 nm
depth. The experimental observation of the above effect was ambiguous at these experimental
conditions.

A better progress can be achieved by using higher resolution RBS analysis or other methods. In
this respect the co-operation with the laboratories in Dubna and Albany seemed to be fruitful. In
Dubna a particle detector with better resolution (up to 10 keV) and better geometrical conditions are
available, hence, samples were also sent there. As expected the results from Dubna show a much
better peak/valley ratio (Fig. 3.) than seen in our laboratory.
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Fig. 3. Measured and simulated RBS spectrum of a Si-Ge multilayer
(measured in Dubna [12]).

Measurements of the samples before annealing were also done in Albany where a high-
resolution magnetic spectrometer was used. Like such systems it has an energy resolution more than
an order of magnitude better than that of Si detectors. These higher resolution measurements provide a
more sensitive measurement of the Si-Ge interdiffusion therefore further measurements of the
annealed samples are planned in the future.

For the determination of the oxygen content of some Si-Ge multilayers and its depth distribution
using the 16O(a,a)16O resonance scattering method, see the report of A. Kobzev in this TECDOC.

6. Cross comparison of CuInGaSe films

Eight CuIn(i.X)GaxSe2 samples were received for the cross comparison measurement. RBS
spectra were measured at Ea = 2 MeV. The compound masses were not resolved well (Cu and Ga), at
this energy, thus a careful simulation was required for a reliable determination of the elemental
composition. Fore more details see the corresponding papers in this final report.

7. Nitrogen determination

Before applying one of the nuclear reaction analysis methods (NRA) — the so called deuteron
induced y ray emission (DIGE) — for nitrogen determination in CVD diamond, we have made a
completion of our earlier work [13], in order to provide basic data,which are still missing in the
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literature, hi some cases old results have also been revised. Namely the more detailed investigation of
the results in ref. [13] showed [14] that the programme package FLORENCE used for the evaluation
of the measured gamma ray spectra cannot handle correctly those peaks which are not totally resolved,
and this is the case also with single peaks showing Doppler broadening. Therefore a reanalysis of the
experimental data was made at ATOMKI with the use of the programme package FORGAMMA [5]
capable to analyze complex, unresolved y ray peaks and also line shapes with Doppler broadening.
(The results obtained for a large interval of elements — i.e. from Li to Ca — are published elsewhere
[15]).

In Fig. 4., a y ray spectrum of nitrogen bombarded by deuteron beam of 1.8 MeV and thick
target absolute yield curves of the stronger y rays in the deuteron energy range of 0.7-3.4 MeV are
plotted together. A table listing the energies of y rays originating from the sample and the nuclear
reactions via the y rays produced are added to the figure. The energy values of peaks for which yield
curve is shown and proposed to be selected for elemental analysis are typed in bold, the other peaks
originating from the element in question are normal typed. As it is seen, the spectrum collected on
nitrogen target (TaN) is rich in peaks due to the numerous y ray transitions in the residual 14N nucleus,
nevertheless it is complicated because of the presence of the strong escape peaks of the high energy y
rays.
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Fig. 4. yray spectrum of nitrogen bombarded by deuteron beam of 1.8 MeV and thick target absolute
yield curves of the stronger frays in the deuteron energy range of'0.7—3.4 MeV. A table listing the
energies ofyrays originating from the sample and the nuclear reactions via the yrays produced [15].

It was found that the measured yields could be fitted by a rather simple three-parameter
equation:

Y=Y0iEd-Edo)
a

where Y is the absolute y ray yield, Ed is the deuteron energy; Yo, Ed0 and a are the fitting parameters.
These parameters and the fitting coefficient (R2) for each nitrogen transition are listed in Table 1. The
R2 coefficient shows that a rather good fit could be achieved. The use of the above equation gives a
useful tool in elemental analysis for concentration calculations.
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TABLE 1: FITTING PARAMETERS Yo, Ed0 , a AND FITTING
COEFFICIENT (R2) FOR EACH NITROGEN TRANSITION^

Ev [keV]
1885
2297
5239.9
8310

A
2.0240
2.7811
4.1438
2.1905

Edo
0.5647
0.4861
0.2496
0.5771

Yo
1590121
916118
89940

2820529

R2

0.9968
0.0065
0.9882
0.9959

3
•:

Fig. 5. yray spectra of pure carbon, kapton (C12 HioO$N2) and cc-benzoinoxin (C14H1SNO2).

CVD diamond as a pure carbon material produces high intensity gamma yield with energies less
than 7 MeV if bombarded by deuteron beam. From nitrogen the most intensive gamma ray emerges at
7.3 MeV, moreover there are gamma rays also at 8.3 and 9.1 MeV, giving an additional yield to the
7.3 MeV gamma ray. Thus the concept of the measurement was to use a large volume Ge detector (a
so called CLOVER detector, having high efficiency for high energy gamma rays), and put a lower
discrimination level for the gamma signals at 7 MeV. Test measurements were performed at Ed = 1
MeV, where a better nitrogen/carbon yield could be achieved than at 1.8 MeV. The target current
varied between 0.5 and 1.0 nA. Fig. 5. shows the measurement results.

Here the spectra of spectroscopically pure carbon, kapton (C22 H10O5N2), a-benzoinoxin
(C14H13NO2) — to determine detection limit are seen. The upper figure shows however, that the very
high gamma yield from the carbon produced an unexpectedly high pile up in almost all the region
where the appearance of the nitrogen peaks was expected.

From these measurements we had to conclude, that the determination of the 10 ppm or less
nitrogen content of the CVD diamond samples provided by EPD, Torino is not possible. A
considerable impovement of the detection electronics would be needed to reach the detection limit
necessary for the study CVD diamonds.
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8. Conclusion

The results of the above applications of ion beam analysis methods with the use of MeV ions
could lead us to technical improvements of the analytical facilities and developments of the methods
for the investigation of multilayered thin films and for the determination of light elements in these
kind of materials.
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