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~ The X-ray standing wave and Rutherford backscattering spectroscopy
in channelling geometry were applied for the investigation of the structure
of silicon single crystals implanted with 80 keV Fe ions. Both methods were
used for the determination of crystal damage and lattice location of im-
planted metal atoms before and after thermal annealing. Both methods gave
consistent results regarding the amorphization of Si due to the Fe-ion im-
plantation, Moreover, using both methods some Fe substitution fraction was
determined. The depth profiles of implanted atoms were compared to the re-
sults of computer simulations. Complementary use of X-ray standing wave
and Rutherford backscattering spectroscopy channelling techniques for stud-
ies of radiation damage and lattice location of implanted atoms is discussed.

PACS numbers: 61.10.—i

1. Introduction

The practical applications of ion implantation in semiconductor technology
have begun in the early 1970s. The knowledge of physical phenomena accompa-
nying the implantation process is of great importance in designing and fabrication
of silicon devices [1].

(625)



626 LA. Vartanyaniz el al.

The X-ray standing wave (XSW) method considered for the first time for
a perfect crystal by Batterman [2, 3], is a powerful tool for investigation of the
structure of real crystals [4] and the position of foreign (e.g. impurity) atoms
in the subsurface layers of crystals. While measuring the fluorescence yield from
impurity atoms by scanning in angle through a strong Bragg diffraction condition
it is possible to localise, with a high accuracy, the atom position inside the crystal
lattice. This method was used previously [5, 6] for structural investigations of Si
crystals after being implanted with the different impurity atoms (As, Bi).

The XSW technique is nowadays widely used in a number of laboratories (see
for e.g. reviews [4, 7}]). However, the interpretation of XSW results is in some cases
quite a complicated and even not uniquely solvable problem [8]. For example in
the case of implanted crystals not only the position of impurity atoms in the unit
cell but also the structure (deformation and amorphization) of the crystal surface
layer after the implantation process has to be taken into account. Therefore, for
obtaining more reliable results it is quite helpful to combine the XSW method
with some other complementary method. Rutherford backscattering spectroscopy
in channelling geometry (RBS-c) is one of such methods that in combination with
the XSW method can provide extensive information on the crystal surface layer
structure as well as the lattice location of impurity atoms.

Preliminary results of XSW and RBS-c analysis of the silicon single crystals
implanted with Fe and Ni ions were reported elsewhere [9, 10]. The aim of this
paper is to make a comprehensive analysis of the structure of iron implanted Si
single crystals on the basis of these two methods.

The RBS-c method provides direct information about the depth distribution
of the damage density of surface layers as well as the depth profile and lattice
location of implanted atoms. This is due to the fact that the scattering yield
of impurity atoms laying in atomic rows (along the studied channel) is strongly
reduced and any impurity displacement can be detected by its increase [11]. In
addition to these results, the XSW method can give additional information about
the relaxation (deformation) of the surface layer as well as the information about
the position of implanted atoms in the unit cell.

2. Experimental

Thick Si (111) oriented single crystals were prepared by mechanical polishing
and etching. Next, the samples were implanted with Fe ions (dose 5 x 1018 jons/cm?
at an energy of 80 keV). After ion implantation some samples were annealed at
750°C in the Ny atmosphere (details of the annealing process see in Ref. [9]).

The XSW experiment was carried out using the double-crystal non-dispersive
scheme of symmetrical diffraction on the base of multicrystal spectrometer, de-
signed and built in the Institute of Crystallography RAS (for references see
e.g. [4, 12]). The fluorescence radiation was registered by a Si(Li) solid state de-
tector with the energy resolution of 200 eV. The CuK, radiation (for excitation of
FeK, line) was used. The reflectivity and fluorescence yield curves were measured
using the computer controlled multichannel analyser.

The RBS measurements were performed with 2 MeV 4le ions. The three-axis,
computer controlled goniometer with 0.025° angular resolution was used to per-
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form channelling measurements. To obtain sufficient depth resolution the geome-

try of normal incidence and glancing exit path was applied. The scattering angle
was 105°,

3. Results
"~ 8.1. XSW resulls

Figures la and b show the reflectivity curve and the FeK, fluorescence yield
curve from the crystal implanted with Fe ions before annealing as well as the
results of theoretical calculations. The shape of the FeK, fluorescence yield curve
is quite similar to that of the reflectivity curve. One of the possible explanations of
this experimental fact is that the implanted atoms are randomly distributed [4, 7].

Figure 2 shows the Fe K, fluorescence yield curve for the sample after anneal-
ing at 750°C. The shape of the reflectivity curve does not change after annealing
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Fig. 1. (a) The reflectivity curve for Si(111) reflection, CuKs radiation. Points —
experiment, solid line — theoretical curve. The theoretical curve was calculated for a
perfect silicon crystal. (b) The fluorescence FeKq yield curve for the as-implanted silicon
sample. Solid lines — theory (parameters of the surface layers are listed in Table I).
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Fig. 2. The fluorescence FeK, yield curve for the implanted silicon sample after an-

nealing at 750°. Solid line — theory (parameters of the surface layers are listed in
Table IT).
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which indicates the stable quality of the host crystal. On the contrary, the shape
of the fluorescence curve after annealing (Fig. 2) has been slightly changed com-
paring to that before annealing (Fig. 1b). This may indicate that after annealing
a part of implanted atoms has moved to some regular e.g. substitutional, lattice
sites and that the implanted part of crystal has undergone some relaxation. So,
more sophisticated theoretical treatment is necessary in this case.

3.2. RBS-c resulls

Figure 3a shows random and (111) aligned backscattering spectra for the Si
single crystal implanted with Fe ions to the fluence of 5 x 10'® at/cm?. The large
peak in the aligned spectrum extending from channel No. 330 to 380 has reached
the random level thus indicating that the surface region was driven amorphously.
The small peak appearing in the vicinity of channel 430 is due to the scattering
by implanted Fe atoms. The properties of this peak will be discussed later on.
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Fig. 3. Channelling and random spectra for 2 MeV He ions scattered from silicon single
crystals; (a) before annealing, (b) after annealing.

Important changes in the backscattering spectra were noticed after crystal
annealing at 750°C as shown in Fig. 3b. First of all a peak appeared with the
maximum located approximately at channel 275. Since the position of this peak
corresponds exactly to the channel, where the signal from oxygen atoms is ex-
pected, one can conclude that the crystal was partly oxidised during annealing.
This was probably due to the low purity of the nitrogen gas used as the annealing
atmosphere. The thickness of the oxide layer was estimated to be 40 nm.

The damage peak in the aligned spectrum became narrower due to the shift of
its low energy edge towards the higher channels. One can conclude that the crystal
regrowth begins at the interface separating the crystalline and the amorphous
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regions. and proceeds towards the crystal surface. In the region corresponding to
the oxide layer, i.e. channels 360-380, the aligned spectrum follows exactly the
random one, thus indicating the absence of any crystalline structure in this region.
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Fig. 4. Te portions of channelling and random backscattering spectra; (a) before an-
"nealing, (b) after annealing.

The detailed structure of Fe-peaks before and after annealing is shown in
Figs. 4a and b, respectively. For the as-implanted crystal Fe peaks for aligned
and random orientation are identical which is the consequence of amorphization
of implanted region. On the other hand, after annealing Fe atoms located in the
deepest, already recovered region (channels 410-428) exhibit a substitutional frac-
tion of about 30%. One cannot expect any substitution of Fe atoms in the oxidised
region and in fact the aligned and random spectra match well each other in the
region of channels 428-447.

4. Analysis and discussion of results

Figure 5a shows the results of the damage analysis from the spectra shown in
Fig. 3, whereas Figs. 5b and 5¢ show the evolution of Fe atoms depth distributions.
The standard measure of the damage density k is given by the ratio of displaced
atom density to the crystal atom density. Hence k¥ = 100% denotes a complete
amorphization. It was calculated according to the algorithm of Schmid [13]. Dis-
tributions in Fig. 3 were neither corrected for the detection system resolution nor
for the energy straggling of analysing beam. The energy scale (channels) was con-
verted into the depth scale. Damage distributions in Fig. 5a confirm quantitatively
the direction of damage regrowth upon annealing as described in Sec. 3.

An important feature of the Fe-atom depth distribution for an as-implanted
sample is its quasi-Gaussian shape with the maximum (i.e. Fe mean projected
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Fig. 5. (a) Damage density in silicon due to 80 keV Fe ion implantation for the
as-implanted sample (circles) and for the annealed sample (triangles). (b) Profile of
Fe impurity concentration for the as-implanted sample. (c) Profile of Fe impurity con-
centration for the annealed sample.

range) located at the depth of 70 nm and range straggling of 80 nm. One notes
that the amorphized region extends over 190 nm. Upon annealing the Fe distri-
bution became narrower, however, its maximum position did not change. Also the
peak area has remained the same. This effect is apparently due to the low solubility
of Fe in silicon. In such a case the regrowth front pushes away impurity atoms in
concentrations exceeding the solubility limit. In such a case the impurity segrega-
tion occurs in a not yet regrown region. This leads to the enhanced concentration
of Fe atoms in the near surface region. It should be pointed out that the oxidised
region forms a diffusion barrier for the further diffusion of Fe atoms.

The XSW experimental results were analysed on the basis of the general
theory of X-ray standing waves in deformed crystals [14, 4]. For theoretical fit-
ting of the angular dependences of the fluorescence yield for implanted region of
the silicon sample a “layered” model was used (see for details [9, 15, 16]). The
same model was applied for the calculation of the reflectivity curve but it has not
changed the shape of the curve. The main reason for this is due to the fact that the
thickness of the implanted layer L (in our case L =2 0.1 +0.2 pm) is much smaller
than the extinction length Lex (Lex = 1.51 um). In the frame of this model each
deformed layer is characterised by its constant value of thickness d, deformation
* Ad/dand amorphization factor exp(—W). Foreign atoms in these layers are deter-
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mined by two main parameters: ZF* — the coherent position, i.e. the position of
the mean plane of the impurity atoms with respect to the diffraction planes of the
crystal and FF® — the coherent fraction, which describes the static and thermal
displacement of the atoms from the mean position ZFe, Naturally the contribution
of each layer to the secondary radiation (fluorescence) yield is determined by the
distribution (concentration nf®) of the impurity atoms in the surface layer of the
silicon sample,.

TABLEI

Parameters of the layers for theoretical fitting of
Fe implanted silicon samples before annealing.

N° | d [pm] | exp(=W) FFe nke (%)
1. 10.015 0 0.0£0.02 5
2. 10.01 0 0.0£0.02 20
3. [0.02 0 0.0 £0.02 60
4. 10.01 0 0.0£0.02 70
5. [ 0.01 0 0.0+£0.02| 100
6. 10.01 0 0.0+ 0.02 85
7. 10.02 0 0.0 £0.02 70
8. 10.01 0 0.0+ 0.02 40
9. [0.01 0.05 0.0 £0.02 20
10. ] 0.01 0.20 0.0+ 0.02 15
11.10.01 0.54 - -
12.10.01 0.80 - -
13. | 0.02 0.90 - -
14. | 0.045 0.95 - -

For the theoretical fitting of the FeK, fluorescence yield curve from the
crystal implanted with Fe ions before annealing a 14-layer model of the implanted
surface of silicon was used. The parameters of the layers are listed in Table I. The
profile of amorphization (exp(—W)) of the silicon surface layer and the distribution -
of implanted Fe atoms nf® were taken from the results of the RBS-c experiment
(Fig. 5). The best fitting for experimental results (solid curve in Fig. 1b) was
obtained with the value of the coherent fraction F¥¢ = 0.00£0.02 (there is a small
discrepancy between theoretical curve and central experimental points that may
be due to some experimental problems). This value, as it was expected, means
that the implanted atoms occupy random positions in the lattice cell. Due to total
amorphization of the surface layer and random position of impurity atoms we
cannot speak about any deformation in this surface layer or mean position of the
Fe atoms (that is why they are not tabulated in Table I.
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TABLE II
Parameters of the layers for theoretical fitting of Fe implanted silicon
samples before annealing.

N° | d [pm] | Ad/d (x10%) | exp(—W) FFe ZFe | nFe [%)
1. | 0.015 0 0 0 0 4
2. 0.01 0 0 0 0 14
3. 0.01 0 0 0 0 24
4. | 0.01 -9.6 £0.09 0.15 0.27+£0.02( 0 38
5. 0.01 —9.6 £ 0.09 0.34 0.27£0.02( 0 86
6. 0.01 -9.6 £ 0.09 0.41 0.27+£0.02| 0 100
7. 0.01 -9.6 £ 0.09 0.54 0.27£0.02| 0 86
8. 0.01 —9.6 £ 0.09 0.64 0.27£0.02| O 40
9. 0.01 -9.6 +0.09 0.77 0.27+£0.02| 0 30
10. | 0.01 —9.6+0.09 0.88 0.27£0.021 0 14
11. | 0.02 —9.6 +£0.09 0.97 0.27+£0.02| 0 7

For the theoretical fitting of the FeK, fluorescence yield curve for the same
crystals after annealing an 11-layer model of the implanted surface of silicon was
used. The parameters of the layers are presented in Table IL. As in the previous case
the profile of amorphization of the silicon surface and the distribution of implanted
atoms (nE®) were taken from the results of the RBS-c experiment (Fig. 5). In
addition it was proposed that some parts of implanted atoms after annealing locate
in substitution positions of Si atoms (parameter ZF® = 0). Due to the experimental
result that the surface layer 22 40 nm is oxidised we have taken the amorphization
factor exp(—W) equal to zero on the top of the annealed sample (see Table II).
During the fitting procedure the coherent fraction of Fe atoms in the corresponding
layers and the value of deformation of the surface layer were varied. To minimise
the number of fitting parameters we have taken the uniform distribution of F}®
and Ad/d in the surface layer for the depths =2 40 <+ 120 nm (we have taken the
simplest model because of the small change of the fluorescence yield curve after
annealing (Tig. 2)). The best fitting results were obtained for the parameters listed
in Table II (solid curve in Fig. 2). As it follows from these results the average value
of the surface relaxation is equal to Ad/d = (—9.6 £ 0.09) x 10~* and the value
of the coherent fraction is equal to Ff¢ = 0.27 £ 0.02. This value of the coherent
fraction means that approximately 27% (with respect to diffraction planes) of
implanted Fe atoms are in substitution Si positions. It is interesting to point out
here that from the independent XSW analysis we have obtained practically the
same value of substitutional fraction of Fe atoms as after the RBS-c analysis (see
the end of Sec. 3).

The obtained results show the effectiveness and mutual complement of the
two methods for investigation of implanted crystals. The RBS-c experiments di-
rectly give the depth profiles of damage density for Si surface layer and the profile
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of implanted ions concentration. The XSW analysis is the precise phase sensitive
method. It gives directly the value of the phase ¢(z) that is in our case equal to
h - u(z) + P, where u(z) is the deformation of the surface layer (in the case of
the uniform deformation we have u, = (Ad/dL) and P, = h,Z.. As we could see
from this expression the phase is the sum of deformation and the position of the
impurity atoms and we need some additional information to determine these two
values independently. As it was shown in this paper the combination of RBS-c
and XSW analysis gives us the opportunity to solve this problem and determine
the position of impurity atoms in the unit cell as well as the total deformation
(relaxation) of the surface layer.
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