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Abstract: A distribution of crystallographic defects and deformation in silicon crystals subjected to deep implantation
(20-50 µm) with ions of the energy of a few MeV/amu is studied. Three different buried layered structures (single
layer, binary buried structure and triple buried structure) were obtained by implantation of silicon single crystals with
184 MeV argon ions, 29.7 MeV boron ions, and 140 MeV argon ions, each implantation at a fluency of 1×1014 ions
cm-2. The implanted samples were examined by means of white beam X-ray section and projection topography, mono-
chromatic beam topography and by recording local rocking curves with the beam restricted to 50×50 µm2. The experi-
ment pointed to a very low level of implantation-induced strain (below 10-5). The white beam Bragg case section ex-
periment revealed a layer producing district black contrast located at a depth of the expected mean ion range. The pres-
ence of these buried layered structures in studied silicon crystals strongly affected the fringe pattern caused by curva-
ture of the samples. In case of white beam projection and monochromatic beam topographs the implanted areas were
revealed as darker regions with a very tiny grain like structure. One may interpret these results as the effect of consid-
erable heating causing annihilation of point defects and formation of dislocation loops connected with point defect
clusters.

Topograficzne i dyfraktometryczne synchrotronowe badania struktur z warstwami zagrzebanymi otrzymanymi
przez implantację prędkimi jonami ciężkimi w monokryształach krzemu
Streszczenie: Badano rozkład defektów krystalograficznych i deformacji w krzemie poddanym głębokiej implantacji
(20 - 50 µm) jonami o energii kilku MeV/amu. Trzy struktury odpowiednio z pojedynczą, podwójną i potrójną warstwą
zagrzebaną otrzymano przez implantację kryształów krzemu jonami argonu o energii 184 MeV, boru o energii 29,7
MeV i argonu o energii 140 MeV do fluencji 1×1014cm-2 dla każdego pierwiastka. Próbki badano za pomocą przekro-
jowej i projekcyjnej topografii synchrotronowej w wiązce białej, topografii w wiązce monochromatycznej oraz reje-
stracji lokalnych krzywych odbicia w wiązce 50×50 µm2. Badania wykazały bardzo niski poziom odkształceń wywo-
łanych implantacją (poniżej 10-5). Topografia przekrojowa ujawniła warstwę wywołującą wyraźny czarny kontrast na
topogramie położoną na głębokości oczekiwanego zasięgu jonów. Obecność warstw zagrzebanych silnie wpływała na
układ prążków interferencyjnych wywoływanych przez krzywiznę próbek. W przypadku topografii projekcyjnej w
wiązce białej i topografii w wiązce monochromatycznej obszar implantowany był ujawniany jako obszar ciemniejszy z
delikatnym kontrastem ziarnistym. Wyniki te można interpretować jako efekt silnego wzrostu temperatury powodują-
cego anihilację par defektów punktowych i formowanie się pętli dyslokacyjnych związanych ze skupiskami defektów
punktowych.
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1. Introduction
The investigation of silicon implanted with swift heavy ions
of several MeV/amu energy has both cognitive and practical
aspects. Swift heavy ions impinging on a single crystal far
from the direction of channelling stripe electrons from the
atoms lying on their tracks. Ionised atoms repel each other
creating the structural disturbance along the track of incident
particle. The type and concentration of defects vary with

depth due to the different dominating interaction processes
of ions with the solid. Swift heavy ion beams cause less
damage within the near-surface shot-through region, but they
can create buried layers in a target, (see e.g. Ref. [1]). Ob-
servation of latent tracks in silicon single crystals is very
difficult [2-6]. However, X-ray techniques succeeded to
detect significant deformation of the crystal lattice induced
by ion implantation [7-9].
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High energy significantly increases the penetration range
of ions and number of generated defects enabling the obser-
vation of many physical phenomena. That in particular con-
cerns the studies of implanted layers by means of X-ray
diffraction methods, which are more effective in this case.
Some high-energy ion implantations are used in the technol-
ogy of semiconductor devices, but also the explanation of
related physical phenomena may be useful for more efficient
controlling of various implantation processes used in tech-
nology.

 The aim of the research is to study the distribution of
crystallographic defects and deformation in silicon crystals
subjected to deep implantation (20-50 mm) with ions of the
energy of a few MeV/amu. The X-ray investigations of sili-
con implanted with such high energy Ar and Kr ions were
previously described in [10-12]. It is also well known that
the thermal annealing strongly affects the state of point de-
fects introduced by the implantation causing partial annihi-
lation of vacancies and interstitials [13, 14].

The present investigation includes a number of comple-
mentary X-ray methods exploring both white and mono-
chromatic synchrotron radiation.

2. Experimental
Dislocation-free silicon single crystals were grown by the
Czochralski method. Four (001) oriented thin plates were cut
from it. Three samples were implanted at a K=160 cyclotron
at Heavy Ion Laboratory of the University of Warsaw [15],
the sample 1 was kept as a reference. The beam current was
equal to 50 enA. The implantation was performed at room
temperature by uniformly defocused beam.

In order to perform the implantation, we have designed
and constructed a special irradiation chamber, which permits
one to irradiate a selected domain on the surface of a studied
crystal without necessity of opening the chamber. Such con-
struction makes possible to repeat the implantation process
many times without renewal pumping. The chamber is
shown in Fig. 1. The chamber was used for implantation of
(001) oriented silicon samples with three ion beams, each at
a fluency of 1×1014 ions·cm-2. First, samples 2, 3, and 4 were
irradiated with 4.6 MeV/amu (total energy equal to
184 MeV) Ar ions, then samples 3 and 4 were bombarded by
2.7 MeV/amu (total energy equal to 29.7 MeV) B ions, and
lastly only the sample 4 was implanted with 3.5 MeV/amu
(total energy equal to 140 MeV) Ar ions. The mean ion
ranges, calculated by means of the TRIM programme [16,
17], are equal to 48.0 µm, 44.3 µm, and 35.3 µm, respec-
tively. This way we obtained three different buried layered
structures in silicon single crystal plates: i) single buried

layer, ii) binary buried structure, and iii) triple buried struc-
ture (see Table 1).

The implanted samples were examined at HASYLAB
using both monochromatic and white synchrotron beam. The
monochromatic beam investigations were performed at E2
station using the 0.1115 nm radiation monochromatised by
the successive symmetrical 333 and 511 symmetrical reflec-
tion from piezoelectrically stabilized silicon crystals. The
experiments included taking i) local rocking curves with the
beam restricted to 50×50 µm2 and ii) monochromatic beam
topographs at chosen point of the 004 rocking curve.

The white beam investigations were performed at F1 ex-
perimental station in back reflection geometry with a rela-
tively small glancing angle of 5o. Both projection and section
topographs were taken. A single exposed white beam pattern
consisted of certain number of Laue spots, each of them
being a topograph in reflection from different crystallo-
graphic planes. In case of section topographs, a beam front
was formed by a fine 5 µm slit. The section topographs were
taken both at short (10 cm) and relatively large (30 cm) film-
to-crystals distances to separate the effects coming from
different depth location and from strain-induced lattice de-
formation.

Fig. 1. Special irradiation chamber, enabling to irradiate
different places on the surface of a studied crystal without
necessity of opening.

Table 1. Studied silicon samples with buried layered structures.

Sample First Ar ion implantation (184 MeV):
buried layer at a depth of [µm]

B ion implantation (29.7 MeV):
buried layer at a depth of [µm]

Second Ar ion implantation (140 MeV):
buried layer at a depth of [µm]

Result

Sample 1 - - - As grown
Sample 2 48.0 - - Single buried layer
Sample 3 48.0 44.3 - Binary buried structure
Sample 4 48.0 44.3 35.3 Triple buried structure
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Fig. 2. The experimental synchrotron rocking
curves in 004 symmetrical reflections of double and
triple implanted silicon exhibiting only a small in-
crease of FWHM of the main peak:
- single implantation with 4.6 MeV/amu (total en-

ergy equal to 184 MeV) Ar ions (upper),
- double implantation with 4.6 MeV/amu (total en-

ergy equal to 184 MeV) Ar ions and 2.7 MeV/amu
(total energy equal to 29.7 MeV) B ions (middle),

- triple implantation with 4.6 MeV/amu (total en-
ergy equal to 184 MeV) Ar ions, 2.7 MeV/amu
(total energy equal to 29.7 MeV) B ions, and
3.5 MeV/amu (total energy equal to 140 MeV) Ar
ions (lower).

3. Results and discussion
The rocking curves shown in Fig. 2 exhibit only slight
broadening of the main peak, and no other maxima are ob-
served. Together with that in Fig. 3 we observe an additional
contrast coming from the implanted region with a very faint
grain-like structure. That points a very low level of implan-
tation-induced strain (less than 10-5). The enhanced contrast
in the implanted region seems to be caused by used not ex-
actly parallel setting of multi-crystal arrangement. It may be
also noticed that the peak broadening seems to be highest in
case of triple implanted sample (Fig. 2, lower curve).

The interesting feature of the Bragg-case white beam
section topographs are interference fringes, shown in Fig. 4,
analogous to those described in [18, 19] and theoretically
explained by Chukhowski and Petrashen [20]. In the present
case, the crystal bending caused by imperfect etching of the
rear surface after grinding is the reason of formation of the
fringes. It may be noticed that the fringe pattern from the
implanted region is significantly changed (similarly as it was

observed in [21]), but the amount of interference effects is
much lower in the present case. One may in particular ob-
serve a distinct black stripe probably caused by the mostly
damaged layers. In most cases we observe a single line, and
the contribution from different ions is poorly resolved.

Similarly as in case of monochromatic beam topographs,
the white beam topograph reveals black contrast in the im-
planted region with a faint grain-like structure. That is repre-
sentatively shown in Fig. 5 in case of sample triple im-
planted with 4.6 MeV/amu Ar ions, 2.7 MeV/amu B ions,
and 3.5 MeV/amu Ar ions.

The above-presented results are attributed to significant
heating during the implantation process causing the healing
of the introduced point defects, which usually cause a sig-
nificant strain in as-implanted samples [21]. It was calcu-
lated with TRIM programme that for such high-energy ions
used in the present case the amount of created point defects
is at least 30 times greater than the amount of ions. It is also
probable that the black stripe observed in Bragg-case section
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topographs and faint grain-like structure in white beam sec-
tion and monochromatic beam topographs are caused by
small dislocation loops created in the annealing process.

4. Conclusions
The aim of the present paper was the study of different bur-
ied layered structures (single layer, binary buried structure,
and triple buried structure) obtained by implantation of sili-
con single crystals with three kinds of swift ion, namely of

184 MeV Ar ions, 29.7 MeV B ions, and 140 MeV Ar ions,
each at a fluency of 1×1014 ions·cm-2.

The monochromatic beam experiment pointed to a very
low level of implantation induced strain (less than 10-5),
producing only a certain broadening of the rocking curve
maximum, and enhanced black contrast of the implanted
regions.

Fig. 3. Monochromatic beam topographs 
a of the

silicon samples with buried layered structures: sin-
gle buried layer (upper), double buried layer (mid-
dle), triple buried structure (lower).

Fig. 4. Bragg-case section topographs 
a of the high energy

Ar and B ion implantation to silicon (energies of ion beams
the same as in fig. 2): sample 2 (upper), sample 3 (middle),
sample 4 (lower).

Fig. 5. Bragg case projection topograph 
a of silicon sample 4.

                                                          
a The width of all topographs is equivalent to ~7 mm.
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The white-beam Bragg case section experiment revealed
a layer producing a distinct black contrast located at the
expected mean ion range. The presence of this layer strongly
affected the fringe pattern caused by bending of the sample.

The white beam projection and monochromatic beam to-
pographs the implanted areas were revealed as darker re-
gions with a very tiny grain like structure.

One can interpret these results as the effect of significant
heating of the samples during implantation, causing annihi-
lation of point defects and formation of dislocation loops
connected with point defect clusters.
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