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We have studied structural transformations in pre-damaged GaAs crystals irradiated with high-energy Bi
ions (710 MeV, 4.3 x 10'? cm~2). The pre-damage has been created via irradiation with swift electrons
(4 MeV, 4 x 10'7 cm~2). A structural disorder in irradiated samples has been investigated by means of
selective chemical etching (SCE) and X-ray diffraction (XRD) in combination with the material layer-
by-layer removal. Character of lattice deformation in the double-irradiated sample gives an evidence
of subsurface region’s swelling. Strong lattice distortion has been found in the region of Bi ion ranges
at the depth of about 30 um. The nature of this effect is discussed.

© 2015 Published by Elsevier B.V.

1. Introduction

The interest in studying the interaction of swift heavy ions (SHI)
with semiconductors is due to a possible use of SHI for creation of
nanostructures, such as nanoclusters or nanotubes, in various
materials. The damage in semiconductor devices of nuclear reac-
tors, superhigh energy accelerators or in outer space equipment
can be studied using swift heavy ions, too. And last, but not least,
is an issue of the influence of the electronic and nuclear energy
deposition on the structural modifications of semiconductors dur-
ing irradiation. Damage formation and amorphization of semicon-
ductors may be caused both by the nuclear and electronic
interaction processes which are going on simultaneously with dif-
ferent efficiency depending on mass and energy of the incident ion
for a given material [1]. A way to divide the contribution of elec-
tronic and nuclear energy deposition into the structural transfor-
mation caused by ion irradiation is the use of swift heavy ions.
At high ion energies, the depth regions of dominating electronic
and nuclear interaction are clearly separated. Presently, the basic
physical mechanisms of damage formation in semiconductors
due to SHI irradiation are not yet fully clear. Last decades, the
researcher’s efforts were focused mainly on studying the specific
damaged regions called latent tracks. The heavily damaged or
amorphous tracks are formed in some semiconductors in the range
of depths where electronic energy losses of SHIs dominate [2-9],

* Corresponding author.

http://dx.doi.org/10.1016/j.nimb.2015.08.064
0168-583X/© 2015 Published by Elsevier B.V.

and the energy received by the target atoms through the nuclear
interactions is negligible. However, in such crystals as Si, Ge and
GaAs, the extremely high level of electronic energy deposition is
required in order to form amorphous tracks [10-12]. For such
materials, the damage production due to nuclear energy loss at
the end of ion trajectories can become the principal mechanism.
Thus, the investigation of damage depth profile in semiconductors
irradiated with SHIs is of great importance for the understanding of
radiation damage accumulation and recovery. Though, there are
quite a few reports in the literature on the damage depth profiling
of SHI-irradiated semiconductors. So, Belekar et al. reported the
damage depth distribution of 70 MeV->°Fe implanted GaAs
observed by successive polishing etching of the irradiated sample
and near-mid IR spectroscopy [13]. Recently, Wang with col-
leagues [14] performed Raman spectroscopy measurements of
the cross-sections of 6H-SiC irradiated with 20 MeV carbon ions
in order to study the depth damage profile.

It has been found that previous disordering stimulates the track
formation processes in crystalline InP and GaAs [3,8]. Earlier,
studying the influence of pre-damaging on the track formation,
we have discovered a region of heavy mechanical damage (micro-
cracks) in the crystalline GaAs firstly irradiated with electrons
(4 MeV, 4 x 107 e"/cm?), and afterwards with swift ions of 2%°Bi
(710 MeV, 1 x 10'2 Bi*/cm?). This region was located at a depth
exceeded the projected range of Bi ions [15]. The above-
discussed effect is not observed for the samples irradiated with
Bi ions alone.
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The radiation damage was revealed using the selective chemical
etching (SCE) technique. SCE is a standard method for defining the
dislocation density in semiconductor crystals. This technique
includes a treatment of crystalline sample in selective etchant fol-
lowed by the investigation of etched surface in a microscope. The
local differences in the etch rate are induced by the deformation
fields around defects (e.g. strain fields of dislocations). These etch
rate differences result in topographic changes of the etched surface
and in appearance of defect-related etch features (pits, hillocks or
more complicated features) which are then observed using the
optical, scanning electron or atomic force microscopy. It should
be emphasised that such defects are not directly visible and a nat-
ure of chemical inhomogeneities cannot be defined solely by etch-
ing in a straightforward way. Therefore, SCE has to be considered
as an indirect method, and, as a rule, comparison with other direct
methods (e.g. transmission electron microscopy or X-ray diffrac-
tion) has to be used for defect interpretation or quantitative eval-
uation. This drawback is compensated by several advantages,
such as inexpensive and simple equipment, short time of data
acquisition, very broad range of defects which are revealed by this
technique. Due to the vital demand for quick and reliable charac-
terization techniques for revealing defects in crystalline semicon-
ductors, sophisticated etching procedures have been developed,
e.g. photo-etching of A®B> and wide gap semiconductors [16,17].
As the result, apart of routine etch pit density counting, it is possi-
ble to study the crystallographic and chemical ingomogeneties in
bulk crystals, epitaxial layers and, in some cases, in the complete
device structures by means of SCE. We have adapted this technique
to reveal the structural damage in crystalline semiconductors irra-
diated with swift heavy ions [6,7].

The aim of this paper is to study the damage depth profile in
GaAs double-irradiated with MeV electrons and swift Bi ions by
means of SCE and X-ray diffraction (XRD) analysis in combination
with the layer-by-layer removal of the sample’s material.

2. Experimental

The initial samples of (1 x 1) cm? size were cut out from the
semi-insulating (100) GaAs wafer with thickness of about
300 pm. Afterwards, the samples were irradiated at room temper-
ature with 4 MeV electrons to a fluence of 4 x 10'” cm~2 at the
Laboratory of Radiation Interactions of Scientific and Practical
Materials Research Centre of the Belarusian National Academy of
Sciences. Then, a part of electron irradiated samples were bom-
barded at normal incidence with 710 MeV-2%°Bi ions to a fluence
of 4.3 x 10'> cm™2 at the U400 isochronous cyclotron of the Joint
Institute for Nuclear Research in Dubna (Russia). The sample tem-
perature during irradiations did not exceed 50 °C. The electronic
energy loss (S.) at the entry in GaAs and the mean projected range
(R, + AR,) of Bi ions were calculated with the SRIM 2010 computer
code and amounted to 35.7keV/nm and 30.8+1.1pum,
respectively.

The radiation damage was studied by the selective chemical
etching of cross-sections (cleaves) of the irradiated GaAs samples.
The pieces of material of (0.1-0.15) x 1 cm? size were split off the
samples perpendicular to the surface in order to get such cleaves.
Then, these cleaves were treated in the selective AB-etchant
{CrOs5 (10g) + H>0 (20 ml) + HF (10 ml) + AgNO5 (0.08 g)}[18]. AB-
etchant is applied to reveal impurities or defect inhomogeneities
and epilayer interfaces in A>B®> materials [19,20]. Etching was per-
formed for 10-20 s at the room temperature. The layers with thick-
ness of ~0.1-0.2 pum were etched away during the selective
etching. Afterwards, the treated surfaces were investigated with
the optical microscope Leica INM-100 using interference contrast
and, in some cases, with the scanning electron microscope Hitachi

S-806. On the whole, a procedure is simple and quick. Moreover, it
gives a possibility to get information on damage distribution along
the whole ion trajectory in the same experiment. It is especially
important because the projected range of swift ions with energies
of 500-700 MeV exceeds 20-30um for the most of
semiconductors.

Besides that, the high resolution XRD technique was used in
order to determine GaAs lattice distortions initiated by irradia-
tions. XRD measurements were carried out using DRON 4.0 diffrac-
tometer with CuKy; radiation (Amean=1.54179 A). According to
[21] the GaAs (004) reflection is sensitive to strain in the vertical
layer structure. The X-ray penetration depth in this case reaches
about 5 pm. According to our preliminary measurements, the
XRD GaAs (006) reflection is also sensitive to such strain. That is
why, diffraction patterns in our study were measured at both
(004) and (006) GaAs reflections. In order to study lattice distor-
tion depth profiles, XRD measurements were carried out at differ-
ent depth by successive polishing etching of the samples in the
etchant H,S04:H,0,:H,0 with the volume ratio of 3:1:1.

3. Results and discussion

It should be mentioned that Frenkel pairs (Vas — As;) are pri-
mary radiation defects produced in GaAs crystals during an elec-
tron irradiation at room temperature. Contrary to Si and Ge
crystals, the process of point defect annihilation in GaAs is negligi-
ble due to a low mobility of point defects at the room temperature
[22]. The ranges of electrons with an energy of 1 MeV and higher in
basic semiconductors (like Si or GaAs) exceed the thickness of sam-
ples used in our experiment [23]. Taking this it into account, we
can consider isolated Frenkel pairs as the main radiation defects
produced in GaAs under the irradiation with swift electrons. Fren-
kel pairs are created by electrons uniformly through the whole
sample with the concentration in proportion to electron fluence.
For our experiment, the calculated concentration of Frenkel pairs
produced by electron irradiation amounts to 8.5 x 10'® cm~3,

Fig. 1 depicts the depth profiles of energy deposition into elec-
tronic and nuclear subsystems of GaAs as well as vacancies and
embedded Bi atoms depth distributions. One can see that elec-
tronic energy deposition in the range of depth from 0 to 5 pum is
nearly constant and amounts to 35 keV/nm. This value is of about
2 orders of magnitude higher than nuclear energy deposition for
the same depth range. The electronic (nuclear) energy deposition
decreases (increases) with the depth increase, and becomes the
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Fig. 1. Calculated according to SRIM‘2010 code [24] data for the energy deposition
in ionisation processes (electronic energy loss S.) (-aA-) and in displacements
(nuclear energy loss S,;) (-A-) as well as the concentrations of embedded Bi atoms
(-#-) and vacancies (-<>-) as a function of depth for GaAs crystal irradiated with Bi
ions (710 MeV, 4.3 x 10'? Bi*/cm?).
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same value at the depth of 31 um. The vacancy concentration
reaches the highest value of ~1 x 10*' cm > at the depth of
~31 pm while the Bi atoms concentration at the end of range is
~2 x 10"% cm~3.

Fig. 2 shows the depth distribution of radiation damage in GaAs
revealed by SCE. It should be noted that there are no track-type
damage at the whole range of depth where the electronic energy
deposition of Bi ions is dominating. This observation can be
explained via track overlapping and damage annealing in our
experiment conditions. Earlier [7], we have registered the track
formation in GaAs crystals irradiated with 710-MeV Bi ions. The
tracks were registered by atomic force microscopy and SCE. The
tube-like track signs with the length of ~20-25 um were visible
on the etched cross-sections of the samples irradiated with low
ion fluence (up to 5 x 10'°cm~2). The fluence increase up to
1 x 10'2 cm? resulted in the disappearance of track-type signs
from the etched cross-sections. We ascribed this effect to the track
overlapping and annealing of damage formed at early stages of
irradiation.

There are two damaged layers on the etch pattern of the sample
irradiated with Bi ions only, (Fig. 2a). These layers are revealed as
small-dotted background regions. The first one is situated at a
depth of 25-30 pum. Its location is in a reasonable agreement with
the predicted maximum of concentration depth profile for vacan-
cies produced by Bi ions (Fig. 1). As we mentioned above, it is
not possible to detect individual point defects by SCE. However,
defect complexes (aggregates of vacancies, for example) could be
revealed via etching procedure as small etch pits [25]. Taking it
into account, one could interpret defects revealed as small dots
in the first defect layer as vacancies aggregates.

The second damaged layer is located at a depth of 43-48 pum.
This depth amounts to ~1.4-1.5R,. We can assume a relatively
low level of damage in these layers as a low contrast at the etch
pattern is observed. Presumably, an appearance of the defect layer
at the depth range of 43-48 pm can be caused by the effect of stop-
ping of primary displaced Ga and As atoms as well as by chan-
nelling of a part of Bi ions and displaced Ga and As atoms
through the tracks at the early stages of the irradiation [26]. The
Table 1 presents the maximum values of energy transferred from
710 MeV-Bi ions to Ga and As recoils and corresponding mean pro-
jected ranges of this particles. It means that such recoils are formed
at the sample surface.

The transferred energy was calculated using a formula [27]:

4MM;
Ei,max = mb—% (1)

where E; max is the maximum value of energy transferred to lattice
atom; M; is the lattice atom mass; Ep; and Mp; are the bismuth ion
energy and mass, respectively.

One can see that calculated projected ranges of primary dis-
placed Ga and As atoms generated in near-surface region are in a
reasonable agreement with the location of the second defect layer
on the etch pattern (Fig. 2a). Like in the case of Bi ions irradiation, it
can expect that Ga and As recoils create significant amount of
vacancies before stopping. By analogy with the first defect layer,
we can suggest that defects composed the second damaged layer
are vacancy complexes.

Of course, generation of recoils in close collisions of Bi ions with
Ga and As matrix atoms takes place not only at the sample surface
but in deeper regions, too. Though, according to our calculations
(Fig. 3), only a near-surface layer of the sample (up to 5 pm in
Fig. 3) contributes recoils to the discussed damaged layer at the
depth range of 43-48 pum. It should be noted that a part of recoils
is stopped in the region between two observed bands of damages

but a damage level in this intervening region is under a critical
level to be found out by SCE.

The pre-irradiation of GaAs with swift electrons before SHI irra-
diation results in impressive structural changes (Fig. 2b). A layer
included light, black and then bright band is observed at the depth
of 25-30 um. We failed to get a clear contrast of this region with
the optical or scanning electron microscopes because of a compli-
cated topography. Though, one can suggest that substantial strains
were developed in this zone. A region of heavy mechanical damage
is visible on the cross-section in a depth region of ~30-40 pum. The
damaged region contains the microcracks oriented at an angle of
about 40° with respect to the cleaved surface. The distance
between the microcracks amounts nearly to 2.6 pm. The formation
of such zones is not observed neither for the samples irradiated
with electrons (not shown) nor for the samples irradiated with Bi
ions, only (Fig. 2a). It should be noted that micro-cracking takes
place just between two damaged layers observed in the only Bi
irradiated sample. Moreover, the micro-cracks orientation at
~40° with respect to the cleaved (011) surface is close enough
to the angle of 45° originated from the cubic symmetry of GaAs
(100) substrate [28]. Though, a detailed discussion of factors gov-
erning cracking in GaAs crystals is beyond the scope of this paper.

In order to clarify a nature of this effect and estimate a level of
crystal lattice deformation we have investigated the double-
irradiated GaAs samples as well as virgin ones using X-ray diffrac-
tion in combination with the material layer-by-layer etching. Fig. 4
presents the XRD patterns of double-irradiated sample registered
from different depth.

A substantial distortion of diffraction peaks has been found
when the thickness of etched layer was in the range of 25-
28 um (Fig. 4). The diffraction peak distortion is already negligible
if the etched layer thickness exceeds ~45 pm. This distortion of
diffraction peak evidences the existence of a crystal region with
heavy mechanical damage. It is in a good agreement with the
cross-section microstructure (Fig. 2b). A lattice deformation for
the different depth of double-irradiated sample has been deter-
mined from XRD data. A relative change of lattice inter-plane dis-
tances Ad/d, where Ad=d — do, dy is the inter-plane distance for
the virgin sample, and d is the inter-plane distance of irradiated
sample on the different depths, have been taken as a level of lattice
deformation.

Fig. 5 depicts the level of crystal lattice deformation as a func-
tion of the etched layer thickness for irradiated samples.

It should be noted that Ad/d does not exceed +0.2% in the whole
range of etched thickness for the sample irradiated with electrons
only. This is an expectable result as swift electrons passing through
the sample with the energy of 4MeV and a fluence of
4 x 10" cm~2 produce point defects with the concentrations of
~10'® cm~3 uniformly. On the contrary, the electron irradiation
followed with Bi ion irradiation results in an increase of the lattice
inter-plane distance up to (0.3-0.4) % in the subsurface region of
the sample. Here, “subsurface” means the layer between surface
and the first damaged layer. The level of lattice deformation
increases with etched layer thickness and achieves a highest value
of +(1.0-1.2) % at the etched layer thickness of about 25 um. A
penetration depth of X-rays in our experiment is about 5 pm. Thus,
according to XRD data a damaged region is located at the depth of
about 25-30 pm. This depth range corresponds to the region of
maximum vacancies concentration and end-of-range Bi ions
(Fig. 1). The deformation level decreases to the values less than
that in the subsurface region with the further increase of etched
layer thickness (Fig. 5).

Below, an attempt is made to explain the observed effects. In
our opinion, two possible mechanisms can be proposed. The first
one is following. Ad/dy increase in the subsurface region can be
attributed to a high concentration of vacancies. These point defects
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Fig. 2. The cleave microstructure of the GaAs samples irradiated with Bi ions only (a) and with electrons and Bi ions (b). An arrow at (a) indicates the cleaving step occurred as
a result of mechanical damage during sample splitting off. Inset at (b) shows the magnified (scanning electron microscopy) image of the region outlined by rectangle.

Table 1
Energies of primary displaced Ga and As atoms and corresponding mean projected
ranges for these recoils.

lon type E, MeV Ry £ ARy, pm
Bi 710 308+1.1
Ga 534 505+1.6
As 552 48.1+1.6

are mainly produced in the GaAs crystal at the stage of preliminary
electron irradiation as well as at the stage of Bi ion irradiation
(Fig. 1). It can be noted that such damages results in a lattice
expansion [29]. Radiation swelling results in a development of
mechanical strains in the GaAs subsurface region. A layer enriched
with Bi atoms and damages can also serve as a getter for generated
defects (preferably vacancies) from a crystal’s volume produced at
the stage of preliminary irradiation with electrons. Additionally, it
should be marked that the interstitial recoils can be absorbed by
this getter layer, too. As it was shown by Pillucat et al. [30]
Ga-interstitial atoms are mobile in é-irradiated GaAs at room tem-
perature. As a result, the region with a high concentration of
defects is formed under the layer with stopped Bi atoms. This
region is characterised with low mechanical hardness, and begins
to destroy because of a strain caused by subsurface layer radiation
swelling.
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Fig. 3. Projected range of recoils (1) and maximum depth of recoil penetration in
the irradiated sample (2) versus depth of recoil generation calculated using
SRIM‘2010 code. Dashed line coincides with the beginning of the second damaged
layer at the depth of 43-48 pm.

Radiation swelling was reported for a number of ionic crystals
such as LiF and CaF, as well as for crystals with covalent bonding
like SiO,, YsFes0,, and Gds;Gas0,, irradiated with SHIs [31]. This
effect becomes noticeable at a fluence of ~10'' cm~2. Sometimes,
the irradiated layers of insulators split out of the underlying
undamaged crystal at a fluence of ~10'®> cm~2. In our experiment,
a level of mechanical stress is insufficient to destroy GaAs crystal
during the irradiation with Bi ions at a fluence of
4.3 x 10'2 cm~2. Though, preliminary disordering of GaAs crystal
via electron irradiation may facilitate material destruction during
Bi ion bombardment, and the irradiated layer begins to split off
already at a fluence of 4.3 x 10" cm—2.

Let us discuss the other possible mechanism. High-energy Bi
ions can induce the formation of a buried amorphous layer in the
pre-irradiated with electrons GaAs crystal in the region of high
nuclear energy loss S,, (end-of-range region). A total nuclear energy
loss deposited in this region by Bi ions is described by the formula:

& = NS, (E)D, )

where N is the atomic density of GaAs crystal, D is the ion fluence,
and S, is (dE/dx),.

According to SRIM‘2010 code the ¢ value in our experiment
exceeds 2 x 10*3eV/cm? for Bi ions with an energy of 200-
1600 keV. Moreover, the maximum elastic energy loss S,, corre-
sponds to 520 keV-Bi ions. It should be noted that the calculated
level of deposited energy, is close to the critical level for creating
an amorphous layer in GaAs, as it was discussed in the literature
[32-35] on irradiation of GaAs with keV-MeV heavy ions at the
room temperature.

Two basic models are proposed for amorphization of crystalline
semiconductors under ion bombardment:

(i) A model of homogeneous amorphization (equivalent to a
critical-energy-density model); according to this model
the transformation to amorphous state occurs at some criti-
cal concentration of defects created by elastic ion collisions
[36].

(ii) A heterogeneous model which assumes that accumulation of
overlapping amorphized clusters in crystal matrix induces
full amorphization [37].

It is believed that model (i) operates for light ions while model
(ii) is realised for heavy ions. In our opinion, a heterogeneous
model of amorphization mainly corresponds to our experimental
conditions. Though, an accumulation of point defects can also con-
tribute in amorphization in a crystal region enriched with defects
formed by the pre-irradiation with electrons. These defects may
supply nucleation sites for amorphous material and thus promote
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(curves 2, 4) diffraction peaks for the irradiated GaAs samples as a function of
etched layer thickness. The samples irradiated with electrons only (1, 2) and
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amorphization in comparison to the case of Bi irradiation only.
Hence, one can suggest that the homogeneous amorphization can
take place in the case of pre-damaged GaAs.

Herre et al. [2] have observed the formation of an amorphous
layer in InP crystals at the depth of 19-21 pm, i.e. close to R, after
irradiation with 250-MeV Xe ions at a fluence of (1-5) x
10 cm™2. In their experiment no any drastic displacement
damage, as it was observed in present study (see Fig. 2(b)), has
been revealed in the region of amorphous layer at the R, depth
in Xe-irradiated InP crystals.

It should be stressed that our study deals with more heavy
and energetic ions which produce more radiation defects in the
end-of-range region. Regarding the difference between GaAs and
InP, point defects in InP do not cause such a high lattice strain as
it is the case for GaAs [38]. That is, a corresponding damaged
subsurface layer in InP would not cause such a strong lattice
expansion as in GaAs.

Besides, the GaAs crystal was irradiated with high fluence of
swift electrons before SHI irradiation. As it was discussed above,
the damaged layer at a depth corresponding to the end-of-range
Bi ions may serve as a getter for vacancies generated by swift
electrons uniformly over a whole thickness of the sample. In our
opinion, in the case of GaAs crystals irradiated with Bi ions alone,
a level of radiation damage at a fluence of 4.3 x 10'?jons/cm is
under a threshold for the formation of deep amorphous layer. In
addition, should be taken into account a difference in densities of
amorphous and crystalline phase for InP and GaAs. Authors of

Ref. [39] studied the amorphization of crystalline InP during ion
implantation. According to their data the final density of amor-
phous phase is almost exactly corresponds to that of c-InP. The
density of a-InP, in fact, is slightly (a fraction of percent) larger
than that of c-InP. It is a bit surprising in view of fact that both
o-Si and o-GaAs are less dense than their crystalline counterparts
[38-40]. The experimentally determined density of o-GaAs lies in
the range of 4.98 = 5.11 g/cm® [38,41], i.e. a few percent (from
5% to 6%) less than that of c-GaAs (5.32 g/cm?® [42]). This density’s
difference can initiate the irradiated layer swelling and microc-
racks formation in the deep amorpized region as it was observed
in our study.

4. Conclusions

The selective chemical etching procedure has been used to
study the structural transformations in GaAs crystals irradiated
with electrons (4 MeV, 4 x 10! cm™2) and Bi ions (710 MeV,
4.3 x 10'2 cm—2). It has been found that the effects of Bi ion irradi-
ation are displayed not in the region of high electronic energy loss
but in a deeper region near the end-of-range for Bi ions. Two defect
layers at a depth 25-30 and 43-48 um have been revealed for the
sample irradiated with Bi ions. A heavily-damaged region (microc-
racks) at a depth 30-40 um has been discovered in the sample
double-irradiated with electrons and ions.

A relative change of lattice inter-plane distances Ad/d at the dif-
ferent depth in GaAs crystal has been calculated from X-ray diffrac-
tion data. The change of Ad/d, is negligible and does not exceed
+0.2% with the increase of the etched layer thickness in the sample
irradiated with electrons. An additional irradiation with Bi ions
results in lattice inter-plane distances increasing up to (0.3-0.4)
% in the subsurface region of the sample. The level of lattice defor-
mation increases with the etched layer thickness and achieves the
highest value of +(1.0-1.2) % at the etched layer thickness of
~25 pm. Taking into account the X-ray penetration depth (about
5 um for our measurements), we can estimate that the heavily-
damaged region is located at a depth of about 25-30 pum. This
depth corresponds to the region of maximum vacancies concentra-
tion and end-of-range Bi ions.

Two possible mechanisms have been proposed to explain the
appearance of dramatic structural changes in pre-damaged GaAs
crystals irradiated with swift Bi ions. The first one is based on
the assumption that radiation swelling induces a mechanical strain
in the GaAs subsurface region. In their turn, the layer enriched with
Bi atoms and vacancies can also work as a getter for defects
(preferably, vacancies) from an underneath crystal’s volume pro-
duced on the stage of preliminary irradiation with electrons.
Therefore, other region with a high concentration of vacancies is
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formed under the layer with stopped Bi atoms. In this situation the
microcracks are developed in this region as a result of stress caused
by the subsurface layer swelling.

On the other hand, as it was discussed in Section 3, a buried
amorphous layer in the region of high nuclear energy loss can be
formed in the pre-damaged with electrons GaAs crystal under
710 MeV-Bi ion irradiation. As the density of o-GaAs is a few per-
cent (about 6%) less than that of c-GaAs, this effect can result in
swelling, plastic flow and fracturing of material in this region. In
the case of GaAs crystals irradiated with Bi ions alone, a level of
radiation damage at a fluence of 4.3 x 10'? ions/cm? is under a
threshold for the formation of deep amorphous layer.
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