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Tracks induced by swift heavy ions in semiconductors
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InSbh, GaSh, 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 spil®) was estimated. The analysis was
extended to recentdgexperiments on Ge and Si. A quantitative relation was found betag@nand the gap
energyE,: a(0) is reduced with increasing,, and its lowest value is close to that found in insulators.
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[. INTRODUCTION given with a relative error of 15%. The ion beams were
scanned over a surface of about 12%crand up to 16
By irradiating insulators with energetic ions, amorphoussamples could be simultaneously irradiated. Parallel samples
tracks can be induced with a diameter up to 25 nm, and thevere placed at the center and edges of the sampleholders to
size of these tracks can reliably be predictédn irradiation ~ check the homogeneity of the fluences, and no systematic
may become a tool to create tracks in semiconductors, with deviations were observed. The irradiations were performed at
good control of track density, diameter, and length. Presentlyjoom temperature. According to our estimate the temperature
we do not know the main controlling parameters of this pro-increase was within a few K during irradiations.
cess in semiconductors. Developments in this field may have The irradiated samples were studied by Rutherford back-
importance for basic and applied research, because of treeattering in channeling geometrg-RBS), that has been
growing interest in the methods of production and in theextensively used in studies of radiation damage induced by
properties of quantum wells and quantum dots. swift heavy ion$’ In this method the backscattered yields
In this paper we present and discuss experiments in whicare measured in random and aligned orientations and com-
isolated tracks are induced in a crystalline semiconductingared to the yield of an aligned virgin single crystal. The
matrix. All previous attempts to induce such tracks withdamaged fraction of the irradiated crystg} is calculated
monoatomic beams were unsuccessful except one: Vettérom the results by a standard method. The average track
et al. produced amorphous tracks in GeS, in a highly anisoradii R, are determined from the variation & with the
tropic layered crystal.Recently, cylindrical tracks were ob- fluence of the bombarding ion. In our experiments the back-
served in Si(Refs. 3 and #tand Ge(Ref. 5 single crystals scattered yields of the virgin samples were 2.8% and 6.2% in
after G irradiation. A systematic investigation and consid- InP and InSb, respectively. The energy spectra of the back-
erably more experimental data are necessary to reveal hoscattered*He™ ions of 1-MeV incident energy were col-
the electron properties affect the localization of the energyected by a blindi.e., not light sensitivesemiconductor par-
deposition. In this paper we report on the first results of outicle detector of 50-mr sensitive area mounted at 147°
research. scattering angle at a distance of 30.5 mm from the sample.

TABLE |. Parameters of semiconductors in track experiments;
Il. EXPERIMENT p, density;c, specific heatT,,,, melting point;T;, , irradiation tem-
perature;T,=Ty,—Ti ; Eg, gap energya(0), Gaussian width of

In Table | we listed the irradiated crystals, which all had Bthe thermal spikef, present study: a, monoatomic beams

(001 orientation and a 0.5-mm thickness. The first irradia-

tion was performed in the GANILCaen, Franceby a Pb Crystal pcT, E, traclé a(0)
beam with an initial energy of 4.17 MeV/nucIeo_n, which we Jlend eV yes/no nm
reduced to 1.85 and 0.85 MeV/nucleon by Al foils. A second

irradiation was performed in the UNILAC in G§Darms-  InSP’ 607 0.17 y 13.61.2
tadt, Germanyby a Pb beam with an initial energy of 11.4 GaSi 995 0.67 y 11.21.0
MeV/nucleon. This time the ion energy was reduced by AlinAsP 1370 0.36 y 9.80.9
foils to 4.0, 5.7, and 10 MeV/nucleon, to study the variation|np® 1677 1.27 y 7.9%0.72
of the damage cross section with the ion energy. The maxice (Ref. 5 1713 0.67 n 9.850.9
mum fluences varied between %20 ions/cnt (INSH  GaaAd 2249 135 n

and 1.6<10" ions/cnf (InP). The maximum flux was 2  sj (Ref. 3 2890 11 n 72065

x 108 ions/cnts to avoid beam heating. The fluences were
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TABLE II. Track parameters, deduced fromRBS measure-
ments;R., andg are the effective track radius and the efficiency,
respectivelyE is the specific ion energy in MeV/nucleon.

R, (nm) g
E InP InSb  GaSb  InAs InP InSb
1.85 3.5 8.6 1.8 0.092  0.092
4.0 3.9 9.2 22 0.082  0.079
5.7 3.4 8.6 0.075  0.074
10 3.05 52 0074  0.066

To minimize the damage caused by He ions, the intensity of
the measuring ion beam ef 1-mn? cross section was kept
as low as 0.1 nA, and the applied fluence was about 100 nC.
The error of the measurements Bf was below 10%. Ac- o ;www
cording to our estimate the relative error of the measurement ' T
of the track diameters was always lower than 10%. The re-
sults are shown in Table II.

Transmission electron microscopyEM) measurements
were made on InSb, InP, and GaSb samples with a Philips
CM20 electron microscope. Plane-view TEM specimens of
(001) surface were prepared prior to the ion irradiation to
avoid the formation of artifacts. The number of tracks in the
TEM pictures was in reasonable agreement with the fluence.
No systematic deviation from the circular shape was ob-
served in any compound. In InSb the TEM studies revealed a
stress field with fourfold symmetry around the tra¢ksg.
1(a)]. High-resolution electron microscopfHREM) was
also applied, and we obtaineld=11 nm for the mean track
diameter. In Fig. (b) the track is completely recrystallized.
The lack of strain field in the picture may be a consequence FIG. 1. Transmission electron micrograph of an irradiated InSh
of the selected high-resolution imaging conditions. An abrup{E=1.85 MeV/nucleon)(a) bright-field image with deformation
change of the orientation occurs inside the recrystallizedontrast;(b) high-resolution electron micrograph of a single track
track, which can be characterized by a 45° rotation along théaken at 400 kV in a JEOL 4000 BX
[001] direction coinciding with the zone axis of the crystal.

This internal subgrain shows a more facet@ittagonal tion of the electronic stopping pow&; .

shape, with a diameter of about 5.5 nm. Although {#20 In Fig. 2, tracks in InP are shown in a sample tilted by 45°
lattice fringes are slightly shifted upon crossing the trackin the electron microscope. The tracks exhibit an intermittent
boundary, the crystallographic phases inside the track and igontrast. A similar effect was observed by Chadderton in
the subgrain are the same as in the bulk of the sample.  M0S,,*® but we do not deny the change of the track radii

Previously, recrystallized tracks were also observed in irwith the depth. In plane-view pictures a thin cylindrical
radiated UQ, which is an insulatof.We calculated the radii ~ stress field appears and the tracks slowly disappear during a
of the cylindrical melt and found good agreement with theprolonged exposition to the electron beam. This points to an
track sizes. We assume that the two sizes are close in InSb,
as well.

In InSbh thec-RBS method provides considerably larger
track radii than HREM. As InSb samples were irradiated
simultaneously with other compounds, we can rule out the
possibility of an incorrect fluence measurement. We attribute
the deviation to the effect of the large deformation field
around the tracks in th@01) plane[Fig. 1(a)]. By compar-
ing the HREM and the-RBS results a correction factor was — ' ‘ .
determined and we useR,(c-RBS)/1.55 for the true track P - - 1
radii in the analysis. - g 100nm

HREM measurements revealed amorphous tracks in pre-
thinned GaSb samples after the Pb ion irradiation vith FIG. 2. Transmission electron micrograph of an irradiated InP
=4 MeV/nucleon. However, no tracks were found Bt (E=1.85 MeV/nucleon). The sample is tilted in the electron mi-
=0.85 MeV/nucleon, which we attribute to the 30% reduc-croscope by 45°.

.
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amorphous structure. The mean track diameter deduced from 50
TEM measurements R,=6.5 nm is in good agreement
with the c-RBS results (R.=7.0 nm). 401

R2 (hm?)

Ill. DISCUSSION 01

We perform the analysis of tracks according to our ther- 20|
mal spike modet. The main assumption of the model is that
there is a Gaussian temperature distribution in the ion- 10
induced spike, which is characterized by its initial width
a(0) and the efficiency (gS; is the fraction of the depos- 03 <5 yy 5 5%
ited energy transferred to the thermal spikaVe make a S, (10keV/nm)
similar assumption for semiconductors, as well, and apply ’
Egs.(1) and(2) derived in Ref. 1, FIG. 3. Track evolution in G¢Ref. 5 and Si(Ref. 3. The lines

are fits to Eq(2).
Set= WPCTan(O)/gu (1)

conditions*? This means that at equal valuesQafthe energy
9% of the spike is about four times lower in Ge and Si than in
7mpcT,a2(0) for 1<Se/Se<2.7, (2) insulators. If this highg value were valid for Ge and Sg;
would be as low as 8.3 and 7.4 keV/nm, respectively. In the
wherep, ¢, and T, denote the density, the average specificfollowing analysis we will use the mean valgg,=0.092,
heat, and the difference between the melting pdigtand  and assume that in our semiconductors the efficiency has the
the irradiation temperaturg;, andS,, is the threshold value same value aE=1.85 MeV/nucleon, as well.
of S, for track formation. The efficiencg(E) has close val- We have data sets for InP and InSb, which were measured
ues in various insulators both at lodE€2 MeV/nucleon) by ¢c-RBS atE=1.85, 4.0, 5.7, and 10 MeV/nucledim in-
and at high specific ion energieEt7 MeV/nucleon}'t?  sulators the change @f between 8 and 10 MeV/nucleon is
and a(0)=4.5 nm for 0.KE<20 MeV/nucleon without negligible. The calculation was performed according to Eq.
exception-!3 In agreement with the experimental data, the(2). Thea(0) andg(E) values are shown in Tables | and 1.
model predicts that thRé— S./pcT, curves coincide at low The experimental error d®, andS, were not given in Refs.
and high ion energies'? 3 and 5; thus we cannot estimate the uncertainty,of We
In Table | some parameters of those semiconductors areote that presently the additivity & is an open question for
shown, which were used in our and previous experimentghe individual atoms in the cluster ions. Another problem is

R2=a?(0)In

The compounds were selected to have low valuesodf,,  the strong tendency of the tracks in Ge and Si to recrystal-
and a suitable range of parameters to check various correléize. Since the uncertainty af,, affects all results of our
tions. calculation, a systematic error may modify the derigeahd

Our purpose is to estimate the two parameters of the(0) values. Therefore, we do not concentrate on the abso-
model,a(0) andg, from the experimental data. At least two lute values, rather on the relative variation of these param-
independent track sizes are necessary for the analysis. In thégers, which are practically not affected by the actual value
experiment, however, only a single track size could be deteref g,, .
mined at each ion energy. Therefo(0) andg can be We estimate the relative standard deviatidves0)/a(0)
estimated only with additional assumptions. We assume tha&ndAg/g keeping only the first derivative of the logarithmic
the basic mechanisms of track formation are similar in insufunction in Eq.(2). We obtain
lators and semiconductors. The behaviors ofdf@) andg

parameters exhibit common features in various insulators; 2\2 2 2]1/2

Lo s X Ag 2R AR, AS,
therefore, we expect that similarities also exist in semicon- —|=|| = + , 3
ductors. Actually, we assume tha¢0) does not depend on g a<(0) Re Se

E, as in insulators, but that it may have different values in
various semiconductors. In insulators tracks have been stusivhereR denotes the mean value Bf. Equation(3) is valid
ied both by monoatomic and cluster ions. We found thawhen we estimate the variation @ versusE at a(0)

g(E) has close values aE=0.05 MeV/nucleon ande =const for InSb and InP. A slightly different expression for
=1-2 MeV/nucleort! We assume that this holds in our Aa(0)/a(0) provides an even lower error wheii0) is es-
semiconductors, as well. timated for InSb, InP, GaSbh, and InAs gt&g,,. In our

In Fig. 3 we plot the results reported in Refs. 3 and 5.experimentdR/a(0) varies between 0.2 and 0.45. Thus when
Tracks were induced in Ge and Si crystals by, @ns of  we are interested only in the relative variation of @)
20-40-MeV energy. The track diameters were measured bgndg parameters, the error is not sensitive to the accuracy of
TEM. We applied Eqgs(1) and (2) for the analysis and ob- the measurements &;, if R. is not close toa(0). TheS,
tained a(0)=9.85 nm, g=0.097 for Ge and a(0) values were calculated by theriM code. When we take
=7.2 nm andg=0.087 for Si. We note thag=0.4 was AS,/S,=0.1, Eq. (3) provides Ag/g~0.12 and
obtained in %Fe0;, and LINbG; in similar experimental Aa(0)/a(0)~0.09.
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We found that in insulators 0x4g(E)>0.17 in the range 3
1<E<20 MeV/nucleon-'?*3This is the so-called damage <
cross-section velocity effeétIn high-T, superconductors L
(HTCS’s) g(E) has close values at high and low projectile =21
velocities** Until now, no information has been obtained s
about the velocity effect in semiconductors. Initially, we as- @
sumed that at low ion velocity is also high in semiconduc- 1|
tors. This was the reason why the first irradiation was per-
formed atE=1.85 and 0.85 MeV/nucleon. Our analysis
shows that in InSb and InP the efficiengyonly slightly ‘
varies withE in the range of 2 E<10 MeV/nucleon. If the 0 5 10
velocity effect is characterized by the ratio of the efficiencies a(0) (nm)
G atE=2 and 10 MeV/nucleon, the=2.35 in insulators FIG. 4. Variation of the Gaussian width of the thermal spike
and only 1.24 and 1.4 in InSb and InP, respectivelyGIf  5(0) with the gap energ, ; p, present study. The data are given
=2.35 were valid for InP and InSb, no tracks would bein Table I.
formed atE=10 MeV/nucleon according to E@2).

Colderet al. applied Pb ions witiE=4.8 MeV/nucleon depicta(0) versusEé”2 and the results of the analysis of
(Se=38.3 keV/nm), which did not induce tracks in Ge, experiments on SiRef. 3 and Ge(Ref. 5 also fit well to the
while a G, beam §,=37.3 keV/nm) created tracks with line. Since GeS has highly anisotropic transport properties
d=6 nm® This behavior is in agreement with our estimate that strongly affect the formation of trackst was omitted in
of g(E), as the slight reduction of the efficiency gp  this analysis. The estimate from Fig. 4d60)=7.4 nm for
—0.078(see Table i is sufficient to increass,, from 34to ~ GaAs. Equation(1) provides only a slightly higher value
40 keV/nm. Tracks are not formed sin6g>S,. We note  [a(0)=7.8 nm] when S,=S; is assumed atE
that neither the correction of the InSb track radii by 1.55, nor—1-85 MeV/nucleon. The results show that in GaAs the for-
the choice of the efficiency value B=1.85 MeV/nucleon, matlon of tracks by monc_;atomlc ions is almost possmle. Pre_-
modifies the relative variation of thg(E) function; only its ~ Viously, tracks could be induced by monoatomic beams nei-
absolute value changes. The low value and the slight varidl€r in Ge nor in Si, both having high values@tT, . Thus
tion of g(E) is markedly different from the behavior of in- the results in Table | demonstra_te that low \{alueﬁ«:)T0 are
sulators, and it is closer to the results obtained in HTCS's, @dvantageous for track formation. According to the figure,

It is difficult to account for these considerable differencesth® lowest possible value in these semiconductora((®)
if the electron-phonon scattering is the sole relaxation™3-5 Nm. This is in reasonable agreement with that ob-
mechanism. We assume that several mechanisms contribig"ved in insulators. o
to the energy of an ion-induced thermal spike. At a given [N 1|7nsulators_ the thermal diffusivityD does not affect
energy E, these contributions may depend on whether thed(0)." In semiconductors the spike is broadenfe(0)
target is an insulator, a semiconductor, or a HTCS. The track’4-5 nm|, anda(0) may have different values. In semicon-
experiments are important because the parameters of tiiictors the charge carriers are mobile, and we assume that
thermal spike can be deduced from the data, providing inforthe thermal diffusivity may contribute ta(0). Thus a(0)
mation about the physical processes. We believe that systerR€comes a function ofr0)"?, wherer is the energy relax-
atic studies ofy(E) in various solids in a broad range of ion ation time. In the high-temperature region of the spike the
energies are useful for the separation of these contribution§)ajority of lattice atoms are ionized. The average ion con-
and that they can provide important information about thecentration is roughly proportional tB;*; thus 7 increases
mechanisms of energy relaxation. with E4. On the other hand, a high gap energy impedes the

Recently, Gaiduk, Komarov, and Wesch reported on ionspatial expansion of the electron excitati8The two effects
induced tracks in InP &.>13 keV/nm after predamaging are opposite; therefore, the dependencea@) on E, is
with high ion fluences. No tracks were observed withoutexpected to be weak. We did not find correlation between
preirradiation, and the number of ions was much higher tha@(0) and the room-temperature valuBs;. Obviously, in
the number of track® Our opinion is that the predamaging the conditions of a thermal spike; is not appropriate. We
of the InP samples modified the electron properties and rerote that we could scale tHe2-S, track evolution curves
duced the value of tha(0) parameter. The complex depth without the E, values*#'**®for those tracks, which were
dependence of the types and concentration of various defectcently analyzed by Toulemone¢ al!° For all those solids
structures was the result of variations & anda(0) with  a(0)=4.5 nm as in insulators. Thus our approach provided
the depth. Without predamaging, Eql) provides S;;  no Eg4 dependence for those tracks, in contrast with the con-
=23.7 keV/Inm for the beams in Ref. 15; we believe that noclusion in Ref. 19. For our semiconductors scaling is pos-
isolated tracks form in a virgin InP single crystal 8  sible only whena(0) is considered as a variable, and this
<Set- introduces a dependence &g.

While in insulators the problem is why the width of the  Our opinion is that the effective mass* may also play
thermal spikea(0) is constant, in semiconductors we have toan important role in the energy transfer proces®aand 7
explain the reason for the changesdf(0). In Fig. 4 we both depend on the effective mass. The relevancenfis

insulators

15
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also supported by our analysis of track formation in anisotracks were found in GaAs. The results confirmed that the
tropic crystals(HTCS's, GeS, Mog mica), where the im-  termpcT, affects track formation in semiconductors. Recent
portance of the anisotropy ofi* was obvious?® In this ex-  results on tracks in Si and Ge induced by, @ns were also
periment we could not observe the effectof asm*~E;  included into the analysis. Compared to insulators, a consid-
for our semiconductors. erably lower fraction of the projectile energy loss is trans-
The low number of reports on track formation in semicon-ferred to the thermal spike at low ion velocity, and the varia-
ductors is not due to the lack of interest. Rather, it is a contijgn  of g(E) is small in the range of ZE
sequence of the uncertainty of experimentators in the forma= 10 MeV/nucleon. The expressioa(0)= b+c(Eg)*1’2
tion of tracks in their irradiation experiment. We believe that(b and ¢ are constanisprovides a good approximation for

Fig. 4 and Eqs(1) and(2) may be useful for a rough pre- the width of the ion-induced thermal spike in our semicon-
diction of whether tracks can be induced or not in the giveryyctors and in Ge and Si.

experimental conditions. Obviously, the description of the ] .
formation of tracks in terms €, andm* is oversimplified. The author is grateful to Dr. F. Beleznay for useful dis-
A considerably larger set of experimental data is necessary teHSsions. This work was accomplished with the partial sup-
include further parameters in the analysis. Additional experiPort of the National Scientific Research FU@TKA, Hun-
ments are also needed to evaluate how general our concl@ary under Contracts No. T031756 and No. 25928. The
sions are regarding(E) and thea(0)~ (Ey) ~ Y2 relation. authors are grateful to the staffs of CIR(Caen and GSI
Materialforschung(Darmstadt and especially to Dr. Ch.
Trautmann(GSl) and Dr. E. BalanzatCIRIL) for perform-
ing the irradiations. B.P. thanks the Department of Materials,
In summary, isolated, cylindrical tracks were induced inUniversity of Oxford for the access to the JEOL 4000 EX
InSb, InAs, GaSb, and InP by Pb ion irradiation, and nomicroscope.

IV. CONCLUSIONS

1G. Szenes, Phys. Rev. B, 8026(1995. 9T. Wiss, Hj. Matzke, C. Trautmann, M. Toulemonde, and S. Klau-
2J. Vetter, R. Scholz, D. Dobrev, and L. Nistor, Nucl. Instrum.  muenzer, Nucl. Instrum. Methods Phys. Resl®, 583(1997.
Methods Phys. Res. B41, 747 (1998. 10, T. Chadderton, Proc. R. Soc. London, Se2@0, 110 (1964).
8B. Canut, N. Bonardi, S. M. M. Ramos, and S. Della-Negra, Nucl.11G. Szenes, Phys. Rev. @, 3140(1999.
Instrum. Methods Phys. Res. BI6, 296 (1998. 12G. Szenes, F. Rati, A. Paer, and A. I. Popov, Nucl. Instrum.
“A. Dunlop, G. Jaskierowicz, and S. Della-Negra, Nucl. Instrum.  pethods Phys. Res. B66-167 949 (2000.
Methods Phys. Res. B46 302 (1998. 13G. Szenes, Phys. Rev. @, 14 267(2000.

SA. Colder, O. Marty, B. Canut, M. Levalois, P. Marie, X. Portier, 14G. Szenes Phys. Rev. B, 12 458(1996.
S. M. M. Ramos, and M. Toulemonde, Nucl. Instrum. Method31spl |. Gaiduk. F. F. Komarov. and W. Wesch. Nucl. Instrum. Meth-

] AP?.’S' Res. dBI1374,S491|£20C'>\|D. . Vethods Phus. Res. b, 008 PYS: Res. B64-165 377 (2000.
. limm an . Strocka, Nucl. Instrum. ethods YyS. Res. 166. SZeneiUnpUb”Shed

12, 479(1985. 17
. . . G. Szenes, Nucl. Instrum. Methods Phys. Re41B 141(1996.
7 - -
A. Meftah, F. Brisard, J. M. Costantini, M. Hage-Ali, J. P. Sto 18y, V. Katin, Yu. V. Martynenko, and Yu. N. Yavlinsky, Lett. Zh.

uert, F. Studer, and M. Toulemonde, Phys. Rev4d® 920 . .
?1993 4 B Tekh. 11, 665(1987 (in Russiai.
. 19 .
8A. Turos, L. Nowicki, F. Garrido, L. Thome, R. Fromknecht, and M. Toulemonde, Ch. Dufour, A. Meftah, and E. Paumier, Nucl.
J. Domagala, Acta Phys. Pol. B, 1611(1999. Instrum. Methods Phys. Res. B56-167 903 (2000.

045206-5



