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Damage distributions in GaAs
single crystal irradiated with 3Kr
(394 MeV), 2°Bi (710 MeV) and >8U
(1300 MeV) swift ions
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Abstract. We are presenting a study of damage distribution in GaAs irradiated with 3Kr ions of energy Ex, = 394 MeV
up to the fluence of 5 x 10" ion/cm™. The distribution of damage along the projected range of *Kr ions in GaAs was
investigated using selective chemical etching of a single crystal cleaved perpendicularly to the irradiated surface. The
damage zone located under the Bragg peak of 3Kr ions was observed. Explanation of the observed effects based on
possible processes of channeling of knocked target atoms (Ga and As) is proposed.
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Introduction

Unique properties of nanometer structures such as
quantum dots, wires and so on have attracted a great
interest for some decades [1, 14]. One way of nanome-
ter structuring of solids is swift heavy ion irradiation.
Under the definite conditions it creates an ion tracks
system in the form of narrow cylinders or nanometer
cluster chains with modified structure embedded into
undamaged matrix. The study of interaction of swift
heavy ions with semiconductor single crystals is very
important both for the fundamental investigations of
radiation effects in condensed matter and for the cre-
ation of ion tracks in semiconductor materials, which
can be used in modern nanotechnologies of electronics
[2,5-7, 13, 15].

In this paper we present a study of radiation dam-
age in GaAs single crystals irradiated with 3Kr ions of
energy Ex, = 394 MeV up to the fluence of (@ X t)k, =
5 x 10" ion/cm? and possible explanation of observed
effects.

Experimental methods and results

The samples of GaAs single crystals of square S = 1 cm?
and a thicknesses of 300 and 400 um were prepared by
high quality mechanical and chemical polishing treat-
ments and then irradiated with 3Kr ions perpendicularly
to the surface in the U-400 heavy ion accelerator of the
Flerov Laboratory of Nuclear Reaction (Joint Institute
of Nuclear Research, Dubna). The ion energy was Ex, =
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Fig. 1. SEM images of etched cross sec-
tion cleave of GaAs sample irradiated
with %Kr ions (Ex, = 394 MeV, (© X t)x,
=5 x 10" ion/cm?. White arrow (left part
of the photo) shows the narrow stripe of
damage maximum at the Bragg peak.
Right part of the photo predicts with the
magnification (X4) a region marked by
rectangle on the left part of the photo.

394 MeV and the ion fluence was (® X f)g, = 5 X 10"
ion/cm?. The ion flux was @, <5 X 10° ion/cm? X ¢ and
the temperature of GaAs samples during irradiation
was less then 30°C. The irradiated GaAs samples were
cleaved perpendicularly to the irradiated surface (along
the projected range of #Kr ions). The damage depth
distribution was visualized by the treatment of cleaves
in a special selective chemical solution.

The surface of GaAs sample etched cleaves were
studied using a scanning electronic microscope JSM-840
(SEM). The SEM studies showed the absence of ra-
diation damage before the Bragg peak. The structures
looked like “channels” were registered far under the
Bragg peak (Figs. 1 and 2). The length of zone with
visualized “channels” was about a half of *#Kr ion pro-
jected ranges. The surface density of “channels” was
much less than the track density along the cross section
of irradiated crystal should be. This density should be
about Nyeaes ® V(O Xk, = 2.236 X 10° cm™, and the
mean distance between the “channels”-tracks should
be Ry = 44.7 A. Ttis clear that the observation of such
low scale features is impossible using the estimation
described above.

In accordance with the SEM results, the radiation
damages like “channels” were observed under the Bragg
peak and were absent before the Bragg peak where the
inelastic energy loss should be high. One can conclude
that it is impossible to explain the observed results as
occurring owing to ionization losses of Kr only. The
narrow damage zones with high defect concentration
looked like a strongly etched single stripe (Fig. 1)
and two stripes (Fig. 2) were observed at the depth of
the maximum of nuclear (elastic) energy loss at Z ., =
30.5 um. As one can see, the wide etched layer lies under
the Bragg peak and is characterized by a width of about
15 um (Fig. 2). So, the damaged zone from the surface
up to the end of the etched “channels” spreads up to
the depth Zgumaee = 1.5 X R, = 45 pm. It is necessary
to note that both Figs. 1 and 2 were obtained using dif-
ferent selective chemical etching solutions.

It is necessary to note that the GaAs samples were
not oriented in the direction of initial ion beam, i.e. the
direct axial ion channeling was excluded.

2222
K7+

Fig. 2. SEM image of two wide stripes (marked by the white
arrows) near the Bragg peak and a wide damage layer with
the width of about 15 um under the Bragg peak.

Model of observed damage and discussion

The results of calculations of the value of inelastic energy
loss (—(0E/0Z)%w (Z ~ 0)) and values of damage dose
near the surface (Di(Z = 0) = 65(Z = 0) X (® X )k)
and at the Bragg peak (Dx(Z = Z ) = 65(Z = Zona) X
(® X )x) are presented in Table 1. Calculations were
carried out using the computer code TRIM-2000 [4].

The maximum energies delivered by 3Kr to firstly
knocked Ga and As atoms (FKA) have been calculated
using the simple formula:

4x My, xM
O e = MM
(Mkr +Mgaas)

The projected ranges of FKA in a GaAs target have
been calculated using the computer code TRIM-2000
[4]. The maximum energies and projected ranges of
FKA are presented in Table 2.

As one can see, the experimentally measured depth
position of narrow stripes (Figs. 1 and 2) Z = 30.5 um
is in agreement with the calculated projected range of
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Table 1. Energy, fluence, inelastic energy loss, damage doses near the surface (Z ~ 0 pm) and in the Bragg peak (Z = Z,.x) of

8Kr ions in a GaAs single crystal

Ion Energy (D X B)r —(0E/0Z)%4 (Z = 0) Dx. (Z~0) D (Z = Z )
(MeV) (ion/cm?) (keV/nm) (dpa) (dpa)
#Kr 394 5 x 10" 15.4 1.75 x 10 1.95 x 1072

Table 2. Initial energy of *Kr ions and maximum transferred
energies of knocked out Ga and As ions in the lattice of
a GaAs single crystal

. . Emax R,
Kind of ion (MeV) (um)
84Kr 394.0 30.4 x 0.7
Ga 389.6 33.7 % 0.7
As 392.7 32.3 x 0.6

initial *Kr ions RX™ = 30.4 £ 0.7 pm. It is clear that the
projected ranges of Ga and As FKA with maximum
energies are much lower then the maximum depth of
the broad damaged zone (Zgumage = 1.5 X R, = 45 um).
So, it is impossible to explain this broad damage layer
by the interaction of target with the initial #Kr ions and
firstly knocked Ga and As atoms. For the explanation
of the observed experimental results (Figs. 1 and 2) it
has been made an assumption that the initial ¥Kr’* ions
after a few of collisions with GaAs target atoms, as well
as firstly knocked Ga and As atoms can be captured by
axial or flatness channeling (see, for example, Refs. [8,
12]). Let us discuss such phenomenon in more detail.
As it is well known, the critical angles of axial chan-
neling can be calculated using the expression [8, 12]:

{2><Zl><22><egré at o >
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Here d ~ 0.5 X a, is the distance between atoms along
the axis of channeling; a, is the lattice constant of crys-
tal; e, is the elementary charge of electron; Z, and Z,
are charges of channeling ions and lattice atoms, cor-
respondingly. The parameter arr is the Thomas-Fermi
screening radius, i.e. a minimum distance of approach
of channeling ions and lattice atoms, which can be
represented using the expression [8, 12]:

0.468 i
%
[Zl% + Zz}é}

In our case the lattice constant for GaAs crystal with the
plane centered cubic lattice and direction [100] is equal
toap = 5.69 A. Let us use as estimates of channeling
angles the approximation like the mean field (M-F).
So, one can write:
1) for Kr ions:

Zl EZKI = 36, Zé\/IFz (ZGa + ZAS)/Z = 32,

3) arF =

2><Zl><ZZ><eg><d

a%r~0.09 A; Eio, = ER> = 394 MeV;
2) for FKA Ga: .
Zy=Zg, = 31; Z¥T = 32; af%:~0.09 A;
Eipn = E&X = 389.6 MeV;
3) for FKA As:
Zi=Za =33; ZVF ~32; aty ~0.09 A;
Eipn = EX®™ = 3927 MeV.
For high energy 3Kr ions, the threshold energy value
can be calculated using Eq. (2) as:

2
(4) Elt<hrreshold > ZXZKF XZZZ ><eO Xd =11.7 MeV
aT.F

The threshold energy values E&e and E fireshold for
Ga and As FKA are practically the same. The cor-
responding minimum critical angles for Kr ions and
for Ga and As FKA with maximum energies (Table 2)
have the values:

5) YR (B = 0.31°, Wi (EX) = 0.30°,
Y, (E8) = 0.29°

It should be noted that the critical angles for capturing
of #Kr ions, Ga and As FKA by axial channeling are
significant.

Our estimations allow us to conclude that ¥Kr
ions after a few collisions with not very high energy
delivering in each collision and Ga and As FKA with
energies comparable with maximum delivering energies
(Table 2) can be captured by the regime of axial channel-
ing if their energies will satisfy the double inequality:

(6) Elt(hrreshold < EM < Emax

where index M = Kr, Ga, As.

Some authors [9, 10, 16] reported experimental evi-
dence for the redistribution of an isotropic ion flux after
transmission through thin crystals. As this observation
is established, depending on experimental conditions,
there can be strong enhancements, corresponding to the
“transverse cooling” or strong reductions, “transverse
heating”, of the ion flux along a crystal axis or plan (see,
as an example, Fig. 3[9, 10]). One can conclude that after
passing of isotropic ion beams through the crystals, a sig-
nificant number of ions were captured by axis channeling.
In Table 3, the kind of ions, their exit energies E., kind
of crystals and crystal thicknesses are presented together
with the final effects (cooling or heating). Here, the terms
“cooling” and “heating” effects mean the decreasing of
lattice temperature when inelastic energy loss of ions
decreases (see Fig. 3, top image) and increasing of lattice
temperature in the case of increasing of inelastic energy
loss (see Fig. 3, bottom image), correspondingly.

One can conclude that inelastic energy loss of exit
Y ions with energies 177,117 and 63 MeV after passing
through a 3.4 um-thin Si(001) crystal should have the
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18 Fig. 3. Angular flux distribu-
> tion of Y ions after transmis-
= 1 6'& sion through a 3.4 pm-thin
o 1 Si(001) crystal, and circular
Q0 14 averages around the <100>
.;’ 4t axis at varying polar angle. The
e 10l exit energies are from the top
— to the bottom, 177, 117, and
e 63 MeV. The top part shows a
) 1.0t clear cooling case, the bottom
< 0.0 Oi 5 1 '_0 1 5 2 oneisaclear heating case, and

v (degree) the middle part is an intermedi-

ate stage. The HWHM of the
= 1.4 first two angular distributions
= are (0.09 + 0.01)° and (0.1 =
- 1.3 1 0.01)°, the corresponding criti-
° t cal Lindhard angles are 0.23°
= 1.2r and 0.28° [9].
°
'g 1.1+
©
£ 1.0F
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Table 3. Kind of ions, their energies, type of crystals in studies [10, 11] with their thicknesses and the kind of interaction of

passing ions with all crystals

Number . . Ener Crystal Thickness . .

of specimen Kind of ions (Me\%))l (gyxis) (um) Kind of passing
1 Y (Fig. 3) 177 Si(001) 34 Clear cooling case
2 Y (Fig. 3) 117 Si(001) 3.4 Intermediate stage
3 Y (Fig. 3) 63 Si(001) 34 Clear heating case
4 Ni 5 Si(110) 2.9 Clearly cooling
5 S 7 Si(110) - Overall cooling
6 Ag 66 Ni(001) 1.0 Clear heating case

ratios: 1:1.51:2.81, i.e. the mental projected ranges of
ions should have the ratios: 1:0.66:0.36 (see Fig. 3 and
Table 3 (1-3 lines)).

Selective chemical etching of GaAs crystal cleaved
along projected range of ions

The results of atomic force microscopy (AFM) and se-
lective chemical etching (SCE) for the samples of GaAs
irradiated by swift 2°Bi heavy ions with energy 710 MeV
up to the fluence of 5 X 10" Bi/cm?were published in
[18]. The images of GaAs irradiated surface and the
profile of surface realized along the line 1-2 obtained
by AFM are presented in Fig. 4.

One can see that the entrances of *”Bi heavy ions
to the surface of GaAs samples have circular hillock

forms with a diameter of Dy = 15 nm, height Hyinocr
~ 0.5 nm with the crater-like structures at the center of
each hillock (Fig. 4).

The calculations of temperature inside the **Bi swift
heavy ion track volumes using a thermal spike model
and taking into account the dependence of thermophysi-
cal parameters vs. temperature and without any free
parameters [3, 20] allowed to conclude that the amorphous
track volumes can be produced with a maximum radius
of about R ~ 8.8 nm, this means that the maximum
radiuses of melted zones are about 8.8 nm and their
existing time is t ~ 8 pc. Surface density of such hillocks
is about 3.5 x 10'° hillock/cm? and this value is in quite
good agreement with the ion fluence. SCE allows to ob-
serve the steeps of tracks on the splits of GaAs samples
irradiated with U (1300 MeV) and Bi (710 MeV) heavy
ions at a fluence of 5 x 10" ions/cm® The track ion
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Fig. 4. AFM - lateral-force image of GaAs surface irradiated
with ?®Bi ions of energy 710 MeV up to the fluence of 5 x 10
Bi/cm? (a) and the profile of surface realized along the line 1-2
(b). The AFM scanning square is equal to 420 X 420 nm?.

annealing effect was observed at fluences higher than
1 x 10 ions/cm? and it was connected with the action of
high electronic excitements. One can conclude that the
volumes with destroyed (or amorphous) structure are
formed along the first ion trajectories where electronic
excitements are quite enough for producing hot ion
tracks with the inside temperatures (7..«) comparable
or higher than the melting temperature (T > TS
= 1510 K). The high energy §-electrons should be cre-
ated with increasing ion fluence near the previously
produced ion tracks. The recrystallization processes of
such amorphous zones should occur under the influence
of 8-electrons if the amorphous phase is not stable.
The recrystallization of tracks produced by fullerenes
with 30 and 40 MeV energies under the action of elec-
tron beam of high voltage microscope was noted in
Ref. [20] (transmission electron microscopy method —

TEM). The same effect was registered during the study
of Xe track in GaAs (100) by the scanning tunneling
method (STM) [11].

The use of SCE allowed us to observe U and Bi ion
tracks in GaAs. Nevertheless, the amorphous tracks
were not registered by our TEM studies. This may be
caused by annealing processes under the influence of
electron beam of high voltage electron microscope.

The authors of an excellent paper [11] have in-
vestigated the track structures in p-type GaAs bulk
crystals irradiated under normal incidence to the (100)
3.54 GeV Xe'* ions up to the fluence 2.5 x 10" +
5.0 x 10" ions/cm? using STM and scanning tunneling
spectroscopy (STS) methods. STM images of the cleav-
age (110) surfaces revealed the fine structure of a single
ion track consisting of a long straight linear defect of
D, = 5 nm in diameter sheathed with a thin fringe in
bright contrast. STS study allowed concluding the phase
composition, position of Fermi level and local electron
density conditions of core and periphery of track. The
tracks consist of an amorphous core with a diameter of
D, ~5 nm surrounded by an irregular region extending
over a distance of ~ 40 nm. The band gap of irregular
region surrounding the track core kept the same value as
inundamaged matrix, meaning that the crystal structure
was preserved into this volume. However, this region is
characterized by a different position of the Fermi level
relatively to the zone edge and a different local density
of state at energetic zones in comparison with undam-
aged matrix. As it was shown earlier, the AB-etchant
(CrO;:H,O:HF:AgNO;[6]) is able to reveal areas with
changed energetic positions of the Fermi level and lo-
cal densities of electronic states. We can suppose that
selective etching of irradiated samples allows to reveal
destroyed areas around the cores of ion tracks.

The energies (E), projected ranges (R,), inelastic
energy 10ss (Sine = —(8E/62)mel), damage cross section
creation o, (Z ~ 0) and o, (Z » R,) for *Bi, #*U, '¥Xe
and ¥Kr ions at GaAs single crystal are presented in
Table 4.

For estimations of maximum lattice temperatures
at track axis near the surfaces of GaAs crystal samples
for ¥Kr** (394 MeV), '¥Xe** (3.54 GeV) and #8U*
(1.3 GeV) was used the simple expression:

Bi )
) Tlion NTIatItice>< ilr?gl

attice ~ Bi
Sinel

For comparison of temperature effects at ion tracks, it
is not so bad approximation, because the temperature
dependences and values of thermophysical parameters
for electron subsystems are very difficult to be calcu-
lated or estimated, so the mistakes in the calculations

Table 4. Kind of used ions in studies, their energies, inelastic energies losses, damage cross sections near the surface (Z ~ 0 pm)
and in the Bragg peak (Z =~ Z,.) all ions and maximum temperatures near the track axis

. . Enel'gy Rp %gle]l o7] (Z ~ 0) Oua (Z = Rp) ’Tlallice
Kind of ion MeV) (um) (keV/nm) (dpa x cm?ion) (dpa x cm?ion) (K)
2Bj 710 34.8 383 4.84 x 1071 8.83 x 10 2480 [20]
U 1300 41.2 44.0 2.08 x 1076 9.86 x 10 ~ 2850
8Kr 394 30.4 15.4 3.51 x 107 3.87 x 107 ~ 1000
PXe 3540 178.6 16.1 1.82 x 101 4.17 x 10 ~ 1040
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of track temperatures using thermal peak model can be
large. The presence of “entrance” places of '¥Xe>** swift
heavy ions on the surface and long straight linear defects
consisting of a core and an irregular region around it,
along the projected ranges (cross-sectional method
for the study by STM of cleavage surfaces) in spite of
the estimations of temperatures on the track axis (see
Table 4) allows to conclude that the temperature at ion
tracks under the '*Xe>** and #Kr*** irradiation of GaAs
single crystal should be higher than 794 = 1510 K.

Conclusion

1. The experimentally measured value of projected
range (or more precisely — the position of Bragg
peak) of #¥Kr’* ions with energy Ex, = 394 MeV in
a GaAs single crystal [100] is in agreement with the
calculated one.

2. The strong etched zone consisting of two narrow
stripes (see Fig. 2) are situated at the distance
AZ ~ 3.1 um. The area between the stripes is prac-
tically not etched. It can be connected with the
so-called thermal spike effectsinlow-energy single-ion
impacts [17, 19].

3. The broad zone of strongly etched structures looked
like “channels” lying under the Bragg peak (Figs. 1
and 2) was registered. This may be explained by
capturing by regime of axial channeling of 3Kr
ions after a few collisions with not very high energy
delivering in each collision and Ga and As FKA
with high energies ([9, 10, 16], where reported was
experimental evidence for the redistribution of an
isotropic ion flux after transmission through thin
crystals).

4. The absence of etched structures before the Bragg
peak may be explained by annealing of previously
created ion tracks by following the passage of next
8Kr ions due to thermal spike effect, which can cause
heating of lattice up to temperatures sometimes
more than the melting temperature of GaAs (754
= 1510 K) [20]).
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