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Formation of discontinuous tracks in single-crystalline InP by 250-MeV Xe-ion irradiation
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Damage production was studied in 250-MeV Xe-ion irradiated single-crystalline InP by means of Rutherford
backscattering spectrometry using a channeling technique and cross-section TEM. Different concentrations and
types of defects are created at different depths of the trajectory due to the different dominating interaction
processes. Depending on the ion fluence the formation of discontinuous tracks and amorphous layers was
registered in the depth region of high electronic energy loss of the incident ions. The observed findings are
interpreted as the effect of a thermal spike in combination with damage accumulation resulting from imperfect
epitaxial recrystallization of the molten ion track§0163-1828)05432-(

I. INTRODUCTION ing spectrometry using a channeling technig@8S0O and
cross-section transmission electron microscOpgM).
Latent track formation is well known in insulating mate-
rials as well as in some intermetallic compounds and pure
metals due to the high electronic excitation energy density Il. EXPERIMENT
produced by inelastic collisions between the fast projectile

ions and the target electroitsee Refs. 1-3 and references  (100) InP was irradiated with 250-MeV Xe ions at room
therein. The physical situation is less clear with semicon-temperature. The ion fluench, was varied between 5
ductors. In amorphous Si and Ge crystalline tracks werec 10'2 and 1x 10" Xe cn2. Uniform irradiation was per-
found* Track formation has also been reported in high-formed by beam scanning. To prevent sample heating during
reSiStiVity Crysta"ine Semiconduct0+sand eIIIptlcaI latent the high_energy irradiation the flux was kept constant below
tracks with amorphous cores were recently registered by 3% 10 Xe cm2s™! and the (100 InP samples were
high-resolution transmission electron microscopy in singlemounted to the sample holder with a silver paste giving a
crystalline GeS implanted with heavy ions at energies Obood thermal conductivity between them.

5.9—13 MeVL.® In wide-gap semiconductorisuch as dia- The implanted layers were investigated by means of the
mond and BIY) high-pressure local regions were observed toRBSC and TEM in combination with cross-section prepara-
correlate well with the depth distribution of the electronic tion. The RBS measurements were carried out using 1.4-
stopping power and were interpreted as to be due to tfatks. MeV He' ions and a backscattering angle &€ 170°. Un-

In conventional and technologically important crystalline der these conditions the depth, which can be clearly analyzed
semiconductors no indication of track formation has beenn a quantitative manner in InP, is approximately Q.6
reported until now. It has been shown that high electroniq e, one obtains information about a depth region in which
energy deposition seems to be inefficient for the productiofhe interaction of the implanted Xe ions with the InP crystal
of damage in SiRef. 8 and 6H-SiC’ Rather, what is ex- s determined by electronic stopping. Assuming a random
perimentally found for several semiconductors such as Sigistribution of the atoms displaced by the Xe ions within the
Ge, GaAs, and GafRefs. 8 and 10-13s that during high-  |attice cell, from the measured RBS spectra the depth distri-
energy ion irradiation arnn situ damage annealing occurs hution of the relative concentration of displaced lattice atoms
that is obviously correlated with the high electronic energyn,, was calculated in the framework of the discontinuous
deposition. In the case of irradiation of amorphized InP it hasnodel of the dechanneliny.The TEM investigations were
been foundf* that for irradiation with 30-MeV Se ions at low carried out with an electron microscope EM-125 operating at
temperatures the electronic energy loss causes a lateral shifp0 keV. By means of an ion beam sputtering equipment
of the bombarded surface area and this effect has been dseth plane-view and cross-section preparations were carried
cribed to the generation of a molten zone around the iomut. In order to prevent sample heating and artifacts of etch-
trajectory**!® To study the effect of the electronic energy ing (e.g., selective sputtering and In segregation on the sur-
loss on damage formation in more detail we have investiface ion beam milling was performed at low temperatures
gated the damage in InP due to 250-MeV Xe-ion irradiationand the angle between the milling ion beam and the sample
at room temperature by means of the Rutherford backscattesurface was lower than 7°.
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FIG. 1. Energy spectra of 1.4-MeV He ions backscattered on
250-MeV Xe-implanted InP for various ion fluences. defect-  tracks defect- pd cluster pd cluster
free free  small large
Ill. RESULTS AND DISCUSSION
The RBS spectra of the implanted InP samples are repre-
sented in Fig. 1. The yield of Heions backscattered in the b

near surface region increases with increasing ion dose and
reaches the random level for fluencedN,>2
X 10* Xe cm 2, which is commonly an indication for the FIG. 3. (a) Calculated(TRIM 87) number of primary displace-
formation of an amorphous layer. It should be mentionednentsNgg, and electronic energy loss, per ion and unit depth
that already atN,=5X 10'2 Xe cm 2 the backscattering versus the depth for 250-MeV Xe-ion irradiation affl schematic
yield is remarkably increased with respect to that of the vir-llustration of the damage structure over the whole implanted depth
gin crystal due to defects within the irradiated layer. Figure 2as deduced from TEM investigations.
shows the concentration of displaced atamgfor the vari- o
ous ion fluences as a function of the degthwhich were  U€S: We c_onclude f_rom _these findings that a long-term ther-
calculated from the RBS spectra depicted in Fig. 1. It can b&nally activated migration of defects does not play a
seen that in the depth region abowed.1um ng, remains significant role for the processes described in this paper.
. a . . . .

nearly constant and increases with the ion fluence until the FOr @ better understanding of the results given in Fig. 2
maximum valueng,= 1 is reached for ion fluences,=2.5 the energy deposition mechanisms occurring during ion irra-

A = L. . . . .
X 101 cm2 indicating the formation of an amorphous layer. diation have to be considered. Figur@3shows the depth
It should be mentioned that the damage detected by RBS fiStribution of the electronic energy losg (ionization and
small immediately below the surface. Similar valuesngf ~ © the number of displacementepresenting the nuclear en-

. . . . )

are obtained when the irradiation temperature is reduced t8r9Y deposition N, per incident Xee{‘;” and unit depth,
liquid-nitrogen temperature. Furthermore, the storage of th¥/hich were calculated by theriMe5 code” using a displace-
samples at room temperature for a period of 1 yr and repetime”t threshold of 8 eV. It is clearly to be seen that in the

tion of the RBS measurements reproduces the original vadepth region down te=8 um the electronic energy deposi-
tion dominates. It therefore can be supposed that the damage

produced by the 250-MeV Xe ions in the near surface region
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FIG. 2. Concentration of displaced atomg, calculated from
the energy spectra in Fig. 1 as a function of depth

(see Fig. 2 may be mainly connected with ionization pro-
cesses.

In order to compare these results with that obtained for
conventional ion energieseveral 100 keV to a few MeV;
see, e.g., Refs. 13, 18, and),lthe ion fluence is recalculated
into displacements per lattice ator®® according to D
= N:;isp'NI INg (Ng is the atomic density of the targetUsing
N’giSm:l.G/(ion nm) in the depth region up to Am [Fig.
3(a)], the ion fluenceN,=7x 10" Xe cm 2, which leads to
a relative concentratiomy,~0.37 of displaced atomésee
Fig. 2), corresponds to 8103 D. For this number of dis-
placements per atom in the case of conventional ion energies
a defect concentrationy,<0.05 resultgsee Ref. 18 which
is much smaller than the value found for the 250-MeV Xe
irradiation. The ion fluencet 10** Xe cm2 which, accord-
ing to the RBS analysis, results in the formation of an amor-
phous layer, corresponds to 0.0%1 It has been previously
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FIG. 4. Concentratiomg, of displaced atoms determined from
the RBS spectra and curves calculated according to the overlap
damage model for various overlap numbers versus the ionNpse _L6 3
shown that, depending on the ion mass, a nuclear energy -115.0
deposition corresponding to 0.2 [300 and 600-keV Se
(Ref. 13] to 1 D [100-keV B (Ref. 19] is necessary to
amorphize InP. These results allow the conclusion that the
damage observed after 250-MeV Xe irradiation by RBS is 1133
not due to the nuclear but the high electronic energy deposi- 1210
tion. '
If the damaged regions remaining after the energy dissi-
pation has finished are stable, which can be assumed for InP
at room temperature, the damage evolution can be described _"c211'3th
in the framework of the overlap damage model introduced by [:IIL]

Gibbons?® In this model it is assumed that amorphous re-

gions are produced ihions impinge within the same area of o , ¢ imolanted

the crystal. According to this model, the ratio between the PFfIG.ﬁ._%rggg‘lzeld Z(ZTE!)\:' !ma:jge? g_ﬁzso-iwgv t)f(}e-lr;gp almte

total surface ared, covered by amorphous clusters and the N 1or i, =7 20 cm = obtained at difierent depihs. 8 also
SR T the corresponding diffraction pattern is given.

total areaA, being implanted is given by

More detailed information on the morphology and the

T(AN)X kind of defects in the implanted layers is obtained from the
S=1-e AN o TEM investigations. Figure 5 shows bright-field cross-

k=0 ' section TEM(XTEM) images of the sample implanted with

N,=7x% 10" Xe cm 2 at various depths.

with A;= 7, being the surface area damaged by a single A thin surface layer of about 35 nm thickness is just
ion andm being the overlap numbem(=0 corresponds to slightly damaged. At depths between about 15 and 35 nm a
direct amorphization by the first impinging ibrWe use this  few black spots are visible with size of about 2—3 (part A
model to describe the dose dependencegf However, it  of Fig. 5. The analysis of the contrast in different diffraction
should be mentioned that the quantity, determined from conditions allows the conclusion that these black spots are
RBS measurements gives the total concentration of displacgstesumably clusters of point defects and probably small-
lattice atoms, i.e., contains information not only about amorsized amorphous inclusions. It should be mentioned that ion
phous regions but also about point defects and point-defedtnplantation using conventional ion energies yields also a
complexes. This means that the use of this quantity overeshin crystalline InP layer at the surfat&Therefore, it can be
timates the amorphous fraction. In Fig. 4 the concentratiorassumed that the appearance of this surface layer is a surface
Nng, Of displaced atoms determined from the RBS spesiee  effect that is independent of the ion energy.
Fig. 2 as well as curves calculated according to the overlap In the depth region 40—100 nm a great number of tracks
damage model for overlap numbers=0,2,3 are depicted of isolated spherical or elongated cylindrical defect clusters
versus the ion fluence. The best agreement with the experdistributed along the ion trajectory are formed. In addition to
mental data is obtained fon=2 or 3, i.e., three or four ions these columnar defects a number of clusters of point defects
must impinge the same area to produce amorphous materials well as small amorphous inclusions 2—-5 nm in size are
It is important to note that direct amorphizatiom€0) does found to be randomly distributed in the corresponding depth
not give a satisfactory description of the experimental dataegion.
(see Fig. 4 This is in contrast to results obtained for fast In the depth region between 100 nm, and aboutub®
heavy ion irradiation into higf-, superconductors where (partsA—C in Fig. 5 straight lines with a dark contrast can
each impinging ion produces a tratkOur RBS results on be seen in the bright-field XTEM images. The straight lines
InP indicate that in this material the formation of amorphousinclude an angle of 86° with respect to the surface corre-
regions due to electronic excitation requires predamaging. sponding to the angle of incidence of the Xe ions. Plane-
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view TEM images(not shown hergerevealed a nearly circu-
lar shape of the cross section of these damage regions; their
diameter and number density were estimated to be about
7-15 nm and 1—(X10*) cm™2, respectively. This means
that the number of tracks produced is significantly smaller
than the number of impinging ions. The presence of diffuse
rings and pronounced spots in the microdiffraction pattern
(see the inset in part B of Fig. @llows the conclusion that
the inner structure of these columnar defects consists of a
mixture of amorphous InP and probably a small amount of
fine polycrystalline grains. All these features indicate that the
columnar defects are tracks produced in InP by the slowing
down of 250-MeV Xe ions due to the electronic stopping.
Behind the track region, at depths between 10 angh7
the existence of single-crystalline InP was registered, which
contains only clusters of point defedee parD of Fig. 5).
Finally, a band of heavily damaged InPart E of Fig. 5
occurs at a depth of about 19—2in. The damage structure
was identified to consist of a mixture of amorphous and crys-
talline regions. This depth of damage correlates well with the
maximum of nuclear energy deposition as calculated by
TRIM 95 [see Fig. 8a)]. Therefore, it seems to be obvious that
the collision cascades due to the nuclear energy loss of the
Xe ions are responsible for the damage production in this
depth region. A schematic illustration of the damage struc-
ture over the whole implanted depth as deduced from F|G. 6. Bright-field XTEM images and diffraction pattern of
the TEM investigations on the sample implanted with250-MeV Xe-implanted InP foN,=5x 10*3 cm~2 obtained at dif-
7% 10" Xe cm 2 is shown in Fig. 8). ferent depths.
The existence of the intermediate single-crystalline InP
layer supports again the conclusion that the electronic energpy 21 um (not shown. The ion fluence N,=5
deposition and not the small amount of nuclear energy loss ix 10'* Xe cm 2 corresponds to 0.5% in the maximum of
responsible for the defect production in the front depth rethe distribution and for this value amorphization of InP is
gion because otherwise the intermediate crystalline regioalso found for conventional energits®
where the nuclear energy deposition is still higher than near In summarizing the major experimental results of this
the surfaceg~10 displacements per ion and nm correspondwork we can say that the concentration and the structure of
ing to 0.017D) should not exist. Further, it follows that the damage produced by electronic excitations depend on the
defects are only produced by the electronic energy loss if théon fluence. At small fluences only point defects and point
latter exceeds a critical value of about 12—-13 keV/nm, whichdefect complexes are detected. With increasing ion fluence
is reached at a depth of about 4@ (see Fig. 3 discontinuous tracks and subsequently amorphous layers are
In Fig. 6 the results of the TEM investigations of the InP formed. This fluence dependence indicates that a single ion
sample irradiated with % 10" Xe cm 2 are shown. Parf  impinging on virgin crystalline InP generates only point de-
of Fig. 6 gives an example of cross-section bright-field im-fects and point-defect complexes. Amorphous tracks appear
ages and diffraction patterns obtained from the near surfacenly if a critical concentration of these defect centres exists.
region up to the depth of about k2m. It can be seen that Such a mechanism of track formation during fast heavy ion
this depth region consists of amorphous InP with some crysirradiation has not been reported until now; for the other
tallites embedded. materials investigated only an enetgyand velocity depen-
Further, the diffraction pattern indicates that the crystal-dence are knowf*?So from our experimental findings two
lites have the orientation of the substrgbeonounced spots  questions arise(i) How are the point defects and point-
At depths between 15 and }8n single-crystalline InP con- defect complexes producedi?) What is the reason for the
taining only clusters of point defectiot shown is ob-  appearance of amorphous tracks?
served, similar to that found faX,=7x 102 Xe cm 2 (see An often used description of track formation in solids is
partD of Fig. 5. Between the amorphous layer and the re-based on the thermal spike model. In this model it is as-
gion of single-crystalline InP a transition region exists insumed that the material melts along the ion trajectory up to
which spherical or elongated cylindrical crystalline zones aradepths for which the electronic energy loss exceeds a certain
distributed along the direction of the trajectory of the ionscritical value followed by fast cooling and resolidification so
(see partB of Fig. 6). The diffraction pattern of this transi- that an amorphous track is formed within a crystalline
tion region reveals the existence of amorphous and defectiveurrounding®*?° The critical energy loss depends on the tar-
crystalline InP. Behind the intermediate single-crystalline re-get material and reflects the efficiency of the mechanism,
gion again, as in the case oi7.0'2 Xe cm 2, the region of  which converts electronic excitation energy into atomic mo-
damage production by nuclear energy loss can be seetipn, in comparison with concurrent mechanisms, which dis-
which appears to be an amorphous layer extending from 18ipate the excitation energy into the bulk. From laser experi-
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ments it is known that above a certain excitation level thethermal spike on time scale of 10 ps, epitaxial recrystalliza-
lattice of silicon and GaAs is unstable on a time scale of 10Gion must take place to be in accordance with the experimen-
fs.2627\We assume that this 100-fs instability of the diamondtal findings of this work. Obviously, this recrystallization is
lattice works also in InP and provides the mechanism thahot perfect, but many defects and defect clusters remain. An
converts a significant fraction of the energy deposited intddentical behavior was previously found in crystalline GaAs,
electronic excitation by a 250-MeV Xe ion into atomic mo- which contains a high concentration of point defects and
tion long before diffusion of electrons and holes dissipate theoint-defect complexes after laser-induced meltthgvhen
excitation energy in the bulk material. Stampfli anda second ion impinges the target nearby recrystallization of
Bennemanf??’ calculated that excitation of about 10% of the molten core may be hindered because the surrounding
the valence electrons into the conduction band is sufficient tarystal is now less perfect. With ongoing irradiation the re-
induce this lattice instability. The minimum electronic exci- crystallization speed may become smaller than the cooling
tation energy densityg i, is thus rate and a rather continuous amorphous track is frozen in.
Since the quenching of the spike occurs in less than 100
min=0.1NcEgN,~2.2X 107 eV cm 3, ps2* more or less perfect epitaxial recrystallization of the
wheren,=4 is the number of valence electrons per atom,molten core of the first two ionéwithin the area?,) implies
Eq=14 eV is the energy gap of InP, anN,=3.92 recrystallization velocities . larger than 33 m/s. This value
X 1072 atoms cm>. To convert the electronic energy lasg IS larger than the maximum, of about 20 m/s for a planar
into an electronic energy density we take into account thaliquid-solid interface of ~silicon at ambient(zerg
roughly one half ofe., is deposited within a core of radius Pressuré’*?We expect that a similar maximutn, exists for
re=v,/w,, wherev, is the projectile velocity and, is the InP. quever, it shou_ld l_ae kept in mind that the_molten core
plasma frequency of the target material. The other half.pf has neither a planar liquid-solid mterface_ nor is it under zero
produces high-energy rays that leave the core region and, Pressure. It is presently an open question whether both ef-
dissipating their energy far away from the core, are considf€cts enhance to the magnitude needed to render the pro-
ered here as being inefficient for damage production. For thB0Sed multi-impact model self-consistent.
ions of this workr . is about 4 nm. Therefore, we obtain for
ee,min= 13 keV/nm(see Fig. 3 IV. SUMMARY

_1 2y-1 3 ~3 The formation of amorphous tracks and completely amor-
emin= 3 elmin 7)1~ 1X10% eV em™. phous layers in single-crystalline InP after swift heavy ion
This value is about a factor of 5 larger than the theoreticalrradiation with 250-MeV Xe has been demonstrated in the
value having enough room for further concurrent dissipatiordepth region between 35 nm and about 4. This depth
processes. We conclude that the 100-fs lattice instability mayegion corresponds to the region where the impinging ions
provide a basis for a quantitative understanding. lose their energy preferentially via electronic excitation of
After the lattice has become unstable subsequent collithe target atoms. One can infer from this depth distribution
sions between the moving atoms lead to a rapid melting ofhat the electronic energy loss per ion and unit length has to
the core?®?’ In a virgin sample this molten core is sur- exceed a critical value of¢ =13 keV/nm to damage
rounded by a perfect crystal and, during the quenching of theingle-crystalline InP.
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