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Tracks induced by swift heavy ions in semiconductors
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InSb, GaSb, InP, InAs, and GaAs single crystals were irradiated with Pb ions in the range of 385–2170 MeV.
The samples were studied by transmission and high-resolution electron microscopy and Rutherford back-
scattering in channeling geometry. The energetic ions induced isolated tracks in all crystals but GaAs. The
thermal spike analysis revealed that the variation of the damage cross section with the ion energy is consid-
erably weaker than in insulators. The widths of the thermal spikea(0) was estimated. The analysis was
extended to recent C60 experiments on Ge and Si. A quantitative relation was found betweena(0) and the gap
energyEg : a(0) is reduced with increasingEg , and its lowest value is close to that found in insulators.
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I. INTRODUCTION

By irradiating insulators with energetic ions, amorpho
tracks can be induced with a diameter up to 25 nm, and
size of these tracks can reliably be predicted.1 Ion irradiation
may become a tool to create tracks in semiconductors, wi
good control of track density, diameter, and length. Presen
we do not know the main controlling parameters of this p
cess in semiconductors. Developments in this field may h
importance for basic and applied research, because of
growing interest in the methods of production and in t
properties of quantum wells and quantum dots.

In this paper we present and discuss experiments in w
isolated tracks are induced in a crystalline semiconduc
matrix. All previous attempts to induce such tracks w
monoatomic beams were unsuccessful except one: V
et al. produced amorphous tracks in GeS, in a highly ani
tropic layered crystal.2 Recently, cylindrical tracks were ob
served in Si~Refs. 3 and 4! and Ge~Ref. 5! single crystals
after C60 irradiation. A systematic investigation and consi
erably more experimental data are necessary to reveal
the electron properties affect the localization of the ene
deposition. In this paper we report on the first results of
research.

II. EXPERIMENT

In Table I we listed the irradiated crystals, which all had
~001! orientation and a 0.5-mm thickness. The first irrad
tion was performed in the GANIL~Caen, France! by a Pb
beam with an initial energy of 4.17 MeV/nucleon, which w
reduced to 1.85 and 0.85 MeV/nucleon by Al foils. A seco
irradiation was performed in the UNILAC in GSI~Darms-
tadt, Germany! by a Pb beam with an initial energy of 11.
MeV/nucleon. This time the ion energy was reduced by
foils to 4.0, 5.7, and 10 MeV/nucleon, to study the variati
of the damage cross section with the ion energy. The m
mum fluences varied between 3.931011 ions/cm2 ~InSb!
and 1.631012 ions/cm2 ~InP!. The maximum flux was 2
3108 ions/cm2s to avoid beam heating. The fluences we
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given with a relative error of 15%. The ion beams we
scanned over a surface of about 12 cm2, and up to 16
samples could be simultaneously irradiated. Parallel sam
were placed at the center and edges of the sampleholde
check the homogeneity of the fluences, and no system
deviations were observed. The irradiations were performe
room temperature. According to our estimate the tempera
increase was within a few K during irradiations.

The irradiated samples were studied by Rutherford ba
scattering in channeling geometry (c-RBS!, that has been
extensively used in studies of radiation damage induced
swift heavy ions.6,7 In this method the backscattered yield
are measured in random and aligned orientations and c
pared to the yield of an aligned virgin single crystal. T
damaged fraction of the irradiated crystalFd is calculated
from the results by a standard method. The average tr
radii Re are determined from the variation ofFd with the
fluence of the bombarding ion. In our experiments the ba
scattered yields of the virgin samples were 2.8% and 6.2%
InP and InSb, respectively. The energy spectra of the ba
scattered4He1 ions of 1-MeV incident energy were col
lected by a blind~i.e., not light sensitive! semiconductor par-
ticle detector of 50-mm2 sensitive area mounted at 147
scattering angle at a distance of 30.5 mm from the sam

TABLE I. Parameters of semiconductors in track experimen
r, density;c, specific heat;Tm , melting point;Tir , irradiation tem-
perature;To5Tm2Tir ; Eg , gap energy;a(0), Gaussian width of
the thermal spike (p, present study; a, monoatomic beams!.

Crystal rcTo Eg tracka a(0)
J/cm3 eV yes/no nm

InSbp 607 0.17 y 13.061.2
GaSbp 995 0.67 y 11.261.0
InAsp 1370 0.36 y 9.860.9
InPp 1677 1.27 y 7.9560.72
Ge ~Ref. 5! 1713 0.67 n 9.8560.9
GaAsp 2249 1.35 n
Si ~Ref. 3! 2890 1.1 n 7.260.65
©2002 The American Physical Society06-1
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To minimize the damage caused by He ions, the intensit
the measuring ion beam of;1-mm2 cross section was kep
as low as 0.1 nA, and the applied fluence was about 100
The error of the measurements ofFd was below 10%. Ac-
cording to our estimate the relative error of the measurem
of the track diameters was always lower than 10%. The
sults are shown in Table II.

Transmission electron microscopy~TEM! measurements
were made on InSb, InP, and GaSb samples with a Ph
CM20 electron microscope. Plane-view TEM specimens
~001! surface were prepared prior to the ion irradiation
avoid the formation of artifacts. The number of tracks in t
TEM pictures was in reasonable agreement with the fluen
No systematic deviation from the circular shape was
served in any compound. In InSb the TEM studies reveale
stress field with fourfold symmetry around the tracks@Fig.
1~a!#. High-resolution electron microscopy~HREM! was
also applied, and we obtainedd511 nm for the mean track
diameter. In Fig. 1~b! the track is completely recrystallized
The lack of strain field in the picture may be a conseque
of the selected high-resolution imaging conditions. An abr
change of the orientation occurs inside the recrystalli
track, which can be characterized by a 45° rotation along
@001# direction coinciding with the zone axis of the crysta
This internal subgrain shows a more faceted~octagonal!
shape, with a diameter of about 5.5 nm. Although the$220%
lattice fringes are slightly shifted upon crossing the tra
boundary, the crystallographic phases inside the track an
the subgrain are the same as in the bulk of the sample.

Previously, recrystallized tracks were also observed in
radiated UO2, which is an insulator.8 We calculated the radi
of the cylindrical melt and found good agreement with t
track sizes.9 We assume that the two sizes are close in In
as well.

In InSb thec-RBS method provides considerably larg
track radii than HREM. As InSb samples were irradiat
simultaneously with other compounds, we can rule out
possibility of an incorrect fluence measurement. We attrib
the deviation to the effect of the large deformation fie
around the tracks in the~001! plane@Fig. 1~a!#. By compar-
ing the HREM and thec-RBS results a correction factor wa
determined and we usedRe(c-RBS)/1.55 for the true track
radii in the analysis.

HREM measurements revealed amorphous tracks in
thinned GaSb samples after the Pb ion irradiation withE
54 MeV/nucleon. However, no tracks were found atE
50.85 MeV/nucleon, which we attribute to the 30% redu

TABLE II. Track parameters, deduced fromc-RBS measure-
ments;Re , andg are the effective track radius and the efficienc
respectively,E is the specific ion energy in MeV/nucleon.
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tion of the electronic stopping powerSe .
In Fig. 2, tracks in InP are shown in a sample tilted by 4

in the electron microscope. The tracks exhibit an intermitt
contrast. A similar effect was observed by Chadderton
MoS2,10 but we do not deny the change of the track ra
with the depth. In plane-view pictures a thin cylindric
stress field appears and the tracks slowly disappear duri
prolonged exposition to the electron beam. This points to

FIG. 1. Transmission electron micrograph of an irradiated In
(E51.85 MeV/nucleon)~a! bright-field image with deformation
contrast;~b! high-resolution electron micrograph of a single tra
~taken at 400 kV in a JEOL 4000 EX!.

FIG. 2. Transmission electron micrograph of an irradiated I
(E51.85 MeV/nucleon). The sample is tilted in the electron m
croscope by 45°.
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amorphous structure. The mean track diameter deduced
TEM measurements 2Re56.5 nm is in good agreemen
with the c-RBS results (2Re57.0 nm).

III. DISCUSSION

We perform the analysis of tracks according to our th
mal spike model.1 The main assumption of the model is th
there is a Gaussian temperature distribution in the i
induced spike, which is characterized by its initial wid
a(0) and the efficiencyg (gSe is the fraction of the depos
ited energy transferred to the thermal spike!.1 We make a
similar assumption for semiconductors, as well, and ap
Eqs.~1! and ~2! derived in Ref. 1,

Set5prcToa2~0!/g, ~1!

Re
25a2~0!ln

gSe

prcToa2~0!
for 1,Se /Set,2.7, ~2!

wherer, c, andTo denote the density, the average spec
heat, and the difference between the melting pointTm and
the irradiation temperatureTir andSet is the threshold value
of Se for track formation. The efficiencyg(E) has close val-
ues in various insulators both at low (E,2 MeV/nucleon)
and at high specific ion energies (E.7 MeV/nucleon)1,11,12

and a(0)54.5 nm for 0.1,E,20 MeV/nucleon without
exception.1,13 In agreement with the experimental data, t
model predicts that theRe

22Se /rcTo curves coincide at low
and high ion energies.1,12

In Table I some parameters of those semiconductors
shown, which were used in our and previous experime
The compounds were selected to have low values ofrcTo ,
and a suitable range of parameters to check various cor
tions.

Our purpose is to estimate the two parameters of
model,a(0) andg, from the experimental data. At least tw
independent track sizes are necessary for the analysis. In
experiment, however, only a single track size could be de
mined at each ion energy. Therefore,a(0) and g can be
estimated only with additional assumptions. We assume
the basic mechanisms of track formation are similar in in
lators and semiconductors. The behaviors of thea(0) andg
parameters exhibit common features in various insulat
therefore, we expect that similarities also exist in semic
ductors. Actually, we assume thata(0) does not depend o
E, as in insulators, but that it may have different values
various semiconductors. In insulators tracks have been s
ied both by monoatomic and cluster ions. We found t
g(E) has close values atE50.05 MeV/nucleon andE
51 –2 MeV/nucleon.11 We assume that this holds in ou
semiconductors, as well.

In Fig. 3 we plot the results reported in Refs. 3 and
Tracks were induced in Ge and Si crystals by C60 ions of
20–40-MeV energy. The track diameters were measured
TEM. We applied Eqs.~1! and ~2! for the analysis and ob
tained a(0)59.85 nm, g50.097 for Ge and a(0)
57.2 nm andg50.087 for Si. We note thatg50.4 was
obtained in Y3Fe5O12 and LiNbO3 in similar experimental
04520
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conditions.12 This means that at equal values ofSe the energy
of the spike is about four times lower in Ge and Si than
insulators. If this high-g value were valid for Ge and Si,Set
would be as low as 8.3 and 7.4 keV/nm, respectively. In
following analysis we will use the mean valuegav50.092,
and assume that in our semiconductors the efficiency has
same value atE51.85 MeV/nucleon, as well.

We have data sets for InP and InSb, which were measu
by c-RBS atE51.85, 4.0, 5.7, and 10 MeV/nucleon~in in-
sulators the change ofg between 8 and 10 MeV/nucleon i
negligible!. The calculation was performed according to E
~2!. Thea(0) andg(E) values are shown in Tables I and I
The experimental error ofRe andSe were not given in Refs.
3 and 5; thus we cannot estimate the uncertainty ofgav . We
note that presently the additivity ofSe is an open question fo
the individual atoms in the cluster ions. Another problem
the strong tendency of the tracks in Ge and Si to recrys
lize. Since the uncertainty ofgav affects all results of our
calculation, a systematic error may modify the derivedg and
a(0) values. Therefore, we do not concentrate on the ab
lute values, rather on the relative variation of these para
eters, which are practically not affected by the actual va
of gav .

We estimate the relative standard deviationsDa(0)/a(0)
andDg/g keeping only the first derivative of the logarithm
function in Eq.~2!. We obtain

S Dg

g D'F S 2R2

a2~0!
D 2S DRe

Re
D 2

1S DSe

Se
D 2G 1/2

, ~3!

whereR denotes the mean value ofRe . Equation~3! is valid
when we estimate the variation ofg versus E at a(0)
5const for InSb and InP. A slightly different expression f
Da(0)/a(0) provides an even lower error whena(0) is es-
timated for InSb, InP, GaSb, and InAs atg5gav . In our
experimentsR/a(0) varies between 0.2 and 0.45. Thus wh
we are interested only in the relative variation of thea(0)
andg parameters, the error is not sensitive to the accurac
the measurements ofRe , if Re is not close toa(0). TheSe
values were calculated by theTRIM code. When we take
DSe /Se50.1, Eq. ~3! provides Dg/g'0.12 and
Da(0)/a(0)'0.09.

FIG. 3. Track evolution in Ge~Ref. 5! and Si~Ref. 3!. The lines
are fits to Eq.~2!.
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We found that in insulators 0.4.g(E).0.17 in the range
1,E,20 MeV/nucleon.1,12,13This is the so-called damag
cross-section velocity effect.7 In high-Tc superconductors
~HTCS’s! g(E) has close values at high and low project
velocities.14 Until now, no information has been obtaine
about the velocity effect in semiconductors. Initially, we a
sumed that at low ion velocityg is also high in semiconduc
tors. This was the reason why the first irradiation was p
formed at E51.85 and 0.85 MeV/nucleon. Our analys
shows that in InSb and InP the efficiencyg only slightly
varies withE in the range of 2,E,10 MeV/nucleon. If the
velocity effect is characterized by the ratio of the efficienc
G at E52 and 10 MeV/nucleon, thenG52.35 in insulators
and only 1.24 and 1.4 in InSb and InP, respectively. IfG
52.35 were valid for InP and InSb, no tracks would
formed atE510 MeV/nucleon according to Eq.~2!.

Colderet al. applied Pb ions withE54.8 MeV/nucleon
(Se538.3 keV/nm), which did not induce tracks in G
while a C60 beam (Se537.3 keV/nm) created tracks wit
d56 nm.5 This behavior is in agreement with our estima
of g(E), as the slight reduction of the efficiency tog
50.078~see Table II! is sufficient to increaseSet from 34 to
40 keV/nm. Tracks are not formed sinceSet.Se . We note
that neither the correction of the InSb track radii by 1.55, n
the choice of the efficiency value atE51.85 MeV/nucleon,
modifies the relative variation of theg(E) function; only its
absolute value changes. The low value and the slight va
tion of g(E) is markedly different from the behavior of in
sulators, and it is closer to the results obtained in HTCS

It is difficult to account for these considerable differenc
if the electron-phonon scattering is the sole relaxat
mechanism. We assume that several mechanisms contr
to the energy of an ion-induced thermal spike. At a giv
energyE, these contributions may depend on whether
target is an insulator, a semiconductor, or a HTCS. The tr
experiments are important because the parameters of
thermal spike can be deduced from the data, providing in
mation about the physical processes. We believe that sys
atic studies ofg(E) in various solids in a broad range of io
energies are useful for the separation of these contributi
and that they can provide important information about
mechanisms of energy relaxation.

Recently, Gaiduk, Komarov, and Wesch reported on i
induced tracks in InP atSe.13 keV/nm after predamagin
with high ion fluences. No tracks were observed witho
preirradiation, and the number of ions was much higher t
the number of tracks.15 Our opinion is that the predamagin
of the InP samples modified the electron properties and
duced the value of thea(0) parameter. The complex dep
dependence of the types and concentration of various de
structures was the result of variations ofSe and a(0) with
the depth. Without predamaging, Eq.~1! provides Set
523.7 keV/nm for the beams in Ref. 15; we believe that
isolated tracks form in a virgin InP single crystal atSe
,Set .

While in insulators the problem is why the width of th
thermal spikea(0) is constant, in semiconductors we have
explain the reason for the changes ina(0). In Fig. 4 we
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depict a(0) versusEg
21/2 and the results of the analysis o

experiments on Si~Ref. 3! and Ge~Ref. 5! also fit well to the
line. Since GeS has highly anisotropic transport proper
that strongly affect the formation of tracks16 it was omitted in
this analysis. The estimate from Fig. 4 isa(0)57.4 nm for
GaAs. Equation~1! provides only a slightly higher value
@a(0)57.8 nm# when Set5Se is assumed at E
51.85 MeV/nucleon. The results show that in GaAs the f
mation of tracks by monoatomic ions is almost possible. P
viously, tracks could be induced by monoatomic beams n
ther in Ge nor in Si, both having high values ofrcTo . Thus
the results in Table I demonstrate that low values ofrcTo are
advantageous for track formation. According to the figu
the lowest possible value in these semiconductors isa(0)
53.5 nm. This is in reasonable agreement with that
served in insulators.

In insulators the thermal diffusivityD does not affect
a(0).17 In semiconductors the spike is broadened@a(0)
.4.5 nm#, anda(0) may have different values. In semicon
ductors the charge carriers are mobile, and we assume
the thermal diffusivity may contribute toa(0). Thus a(0)
becomes a function of (tD)1/2, wheret is the energy relax-
ation time. In the high-temperature region of the spike
majority of lattice atoms are ionized. The average ion co
centration is roughly proportional toEg

21 ; thus t increases
with Eg . On the other hand, a high gap energy impedes
spatial expansion of the electron excitation.18 The two effects
are opposite; therefore, the dependence ofa(0) on Eg is
expected to be weak. We did not find correlation betwe
a(0) and the room-temperature valuesDrt . Obviously, in
the conditions of a thermal spikeDrt is not appropriate. We
note that we could scale theRe

2-Se track evolution curves
without the Eg values1,12,14,16for those tracks, which were
recently analyzed by Toulemondeet al.19 For all those solids
a(0)54.5 nm as in insulators. Thus our approach provid
no Eg dependence for those tracks, in contrast with the c
clusion in Ref. 19. For our semiconductors scaling is p
sible only whena(0) is considered as a variable, and th
introduces a dependence onEg .

Our opinion is that the effective massm* may also play
an important role in the energy transfer process asD andt
both depend on the effective mass. The relevance ofm* is

FIG. 4. Variation of the Gaussian width of the thermal spi
a(0) with the gap energyEg ; p, present study. The data are give
in Table I.
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also supported by our analysis of track formation in ani
tropic crystals~HTCS’s, GeS, MoS2, mica!, where the im-
portance of the anisotropy ofm* was obvious.16 In this ex-
periment we could not observe the effect ofm* asm* ;Eg
for our semiconductors.

The low number of reports on track formation in semico
ductors is not due to the lack of interest. Rather, it is a c
sequence of the uncertainty of experimentators in the for
tion of tracks in their irradiation experiment. We believe th
Fig. 4 and Eqs.~1! and ~2! may be useful for a rough pre
diction of whether tracks can be induced or not in the giv
experimental conditions. Obviously, the description of t
formation of tracks in terms ofEg andm* is oversimplified.
A considerably larger set of experimental data is necessa
include further parameters in the analysis. Additional exp
ments are also needed to evaluate how general our con
sions are regardingg(E) and thea(0);(Eg)21/2 relation.

IV. CONCLUSIONS

In summary, isolated, cylindrical tracks were induced
InSb, InAs, GaSb, and InP by Pb ion irradiation, and
m.

c

m

r,
ds

. B

o-

d
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tracks were found in GaAs. The results confirmed that
termrcTo affects track formation in semiconductors. Rece
results on tracks in Si and Ge induced by C60 ions were also
included into the analysis. Compared to insulators, a con
erably lower fraction of the projectile energy loss is tran
ferred to the thermal spike at low ion velocity, and the var
tion of g(E) is small in the range of 2,E
,10 MeV/nucleon. The expressiona(0)5b1c(Eg)21/2

(b and c are constants! provides a good approximation fo
the width of the ion-induced thermal spike in our semico
ductors and in Ge and Si.
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