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Thermal spike effects in low-energy single-ion impacts on graphite
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Monte Carlo simulations have been used to obtain three-dimensional distributions of cascade defects and
energy deposition due to single-ion impacts in graphite. This energy deposition profile serves as the starting
point for the formation and evolution of the thermal spike. In this case the minimum deposited energy density
per target atom for the spike formation is the order of the atomic binding energy. An effective spike created by
a single-ion impact in the near-surface region is introduced to account for the bump formation on the highly
oriented pyrolytic graphite surface. A linear relationship between the bump volume and the effective spike
energy is obtained based on the thermal spike model, which agrees well with the scanning tunnel microscope
results. It is suggested that the one-dimensional energy depositiotEAda is not suitable to describe spike
effects. On the other hand, a three-dimensional parameter corresponding to the nature of the spike formation
should be used.

. INTRODUCTION place!®?* MD simulations of 500 eV C bombardment of
. . . . . . HOPG indicate that surface bumps are formed due to defect
The interaction of energetic particles with solids and sur-

faces has been an area of great research interest for bo%resses developed by the collision cascade in the near-

fundamental studies and material applications. The collisiony urface layers of the targétwhile STM observations reveal

) _ point defect formation due to 50 eV Ar bombardment of
processes and phenomena have been studied exter'?'si‘%/ely.l_mpG surface’
Recently, computer simulations have become useful tools in In the previous stud}f the three-dimensional distribution

studying the collision processes of ions in solids while con- f deposited energy has been obtained using a modified

ventional _t?eones provide analytic expressions and;onte CarloTrIM code (TRIM3D). This energy deposition
gwdelmes‘f_ Normally, the linear cascade theory has been, qfije serves as the starting point for the formation and evo-
used to estimate the damage production in solids due to iOfyton of the thermal spike. It is found that the average bump
bombardment:® On the other hand, spikes effects have been,glume observed on HOPG surfaces scales linearly with the
discussed in early articlés; and have been used to explain effective spike energy in the near-surface region. The ther-
the nonlinear effects observed in sputtering experimentgnal spikes created by single-ion impacts in the near-surface
recently®® However, detailed microscopic mechanisms inregion are believed to be responsible for the bump formation
the collision processes are not yet fully understood. Recerdn HOPG surface in the cases studi&d However, no ex-
studies with the scanning tunneling microscp&® (STM) planation is given for the linear relationship between the
and molecular-dynamicéVID) simulations’~2?? for the ef-  bump volume and the effective spike energy. Also, no spike
fects of single-ion impacts on surfaces have however brougltomponent is predicted for 20 keV ‘Nbombardment of
insight into the cascade processes on the atomic scale. CHHOPG although bumps have been obseife@ihe later is
ters have been found around the point of impact of keV iondecause that the average energy density used in the previous
on various material surfaces and interfatesyhile only  study® was based on an average profile of energy deposition
bumps have been observed on graphite surfdcé8A re-  over large number of ion histories relative to the impact point
laxation model based on the defect distributions obtaine@n the surface. The resulted energy density was smeared lat-
from Monte Carlo simulations has been used to predict therally due to the statistical spread of the ion trajectories,
formation of craters on some solid surfaé#1D simula-  which is not suitable for single-ion impact events.

tions of low-energy Au bombardment of Au have demon- In this study, therriIM3D code has been further modified
strated the formation of thermal spikes which lead to localas described in the next section. The average energy density
melting and viscous flow in the formation of surface is calculated relative to the ion trajectory as a function of
damagée! However, the actual mechanisms for the formationdepth. The influence of ion trajectories on the statistical pro-
of bumps on graphite are not fully understood. Recently, thdile of energy deposition can be eliminated in this way, thus
thermal spike effect has been discussed in the STM studidbe resulted energy density should be suitable for single-ion
of bump formation by keV ion bombardment of highly or- impacts. This correction is found most significant for the
dered pyrolytic graphitéHOPG.**16 Various models have case of 20 keV N bombardment, for which spike effects are
been discussed in more detdilin which it is suggested that expected in this study. In addition, by considering the local
thermal spikes created by low-energy ions in the near-surfacdeformation of an effective hot zone due to the spread of the
region play an important role in producing the surfacespike energy, a linear relationship between the bump volume
bumps. Generally, thermal spike effects dominate for low-and the effective spike energy is derived, which agrees well
energy heavy ion irradiation while other processes dominataith the STM results. It is suggested that the one-
for light ion impact where no significant spike effects take dimensional energy deposition rad&/dx is not suitable to

0163-1829/96/5®)/30327)/$06.00 53 3032 © 1996 The American Physical Society



53 THERMAL SPIKE EFFECTS IN LOW-ENERGY SINGLE-I® . .. 3033

(a)

200

Lateral Distance (A)

(b)

0 Depth (A) 100

FIG. 1. Five typical cascades of 3 keV Arions at normal
incidence into graphite. —ion trajector§) vacancy,[] interstitial, (©
+ phonon.

describe spike effects. On the other hand, a three-
dimensional parameter corresponding to the nature of spike e
formation should be used.

I. CASCADE AND ENERGY DEPOSITION DUE TO
SINGLE-ION BOMBARDMENT

The passage of an energetic ion through a solid leaves a ] o
track of cascades surrounding its trajectory, where defects FIG. 2. 2D grey scale presentations for the average distribution

(vacancies, interstitials, phonons, gtare created. A detailed of (a) vacancies(b) interstitials andc) phonons relativea a 3 keV
' ' T i Ar™ ion trajectory in graphite. The lateral radius scélertica is

giS;r”pég?;%rnsuf:cgspsrggizsnCg: Si?nflj)lg?: dIT) Rabiiea?:dailhgo A with the ion trajectory at the centre. The depth s¢ateizon-
inary Ision p y ?al) is from 0 A (left) to 100 A (right). The grey scalerom bright

7
metho.ds S.UCh asriM (Ref. 4 or MARLOWE. The. ENergy 1o dark are(a) 0-0.1 vacancy/A (b) 0-0.003 interstitial/& and
deposited into the nuclear process mainly contribute to th?c) 0-1.5 eV/R

local vibration of lattice atoms via the production of
phonons. In order to obtain the three-dimensional distribujectory and the positions of all the defects created are stored.
tion of these defects and energy deposition by a single-io\fter the cascade due to this ion completes, the distribution
impact, a PC coderrimgg (Ref. 4 has been modified of the defects created by this ion is calculated relative to the
(TRIM3D) to trace the production of each defect. It has beerion trajectory laterally as a function of depth. Such a proce-
suggested that electronic energy straggling should be considure repeats for large numbers of ion histories for enough
ered in the calculation of energy deposition profiln the  statistics, and the final distribution of defects surrounding the
current TRIM3D code, electronic energy straggling is “average” single-ion trajectory is obtained. For example,
included® using the empirical formuld’?® In the simula-  Fig. 2 shows the average distribution of vacancies, intersti-
tions, the graphite target is treated as amorphous with a detials and phonons arodra 3 keV Af™ trajectory in graphite.
sity of 2.26 g/cmi.*?° The production of defects depends It should be pointed out that the lateral dimension is relative
upon the displacement enefwhich is chosen to be 35 eV to the ion trajectory while each ion trajectory is not neces-
for graphite®® The surface binding energy is taken to be thesarily a straight line as shown in Fig. 1. On an average, Figs.
sublimation energy, 7.41 €VThe cutoff energy for follow- 2(a) and 2b) clearly display the formation of a displacement
ing particles in the cascades is chosen as 2[®ically  spike which consists of a shell of interstitial atoms surround-
about 1-2 eMRef. 4], while the simulated energy distribu- ing a core of vacancies during the ballistic pha&&?*How-
tion is not sensitive to this value. Figure 1 illustrates fiveever, most of the vacancies and interstitials are distributed
typical cascade histories of 3 keV Aions in graphite. It is  within a few angstroms around the ion trajectory. The aver-
seen that most of the defects are located surrounding the icamge lateral extension of these defects at the surface is much
trajectory although the details of the cascades may diffeless than those of the bumps observed, thus they are not the
very much from each other. In order to obtain statistical gendominant factor responsible for the bump formation on the
erality, it is suitable to take the average over large numbersiOPG surfacé® On the other hand, the energy deposited
of ion histories. For the case of single-ion impacts, the averinto phonons is very condensed along the ion path as shown
aging procedure is described below. in Fig. 3(c), so we expect thermal spikes would be initiated
During the passage of each ion in the target, the ion traaccording to the thermal spike modét®2425
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ergy) is constant within the hot zone and drops to the ambi-
ent value at the boundary. From energy conservation, one
obtains the volume of the hot zone as

N

| Eg
No Qn'
whereQ?}, is the average energy per atom in the hot zane,
is the atomic density of the unirradiated target.

The deformation mechanism near surfaces can be very
much different in character than in the interior of the target,
since the surface provides the place where anisotropic effects
occur. The atoms in the heated zone of the spike exert a
pressure on the surrounding medium. The pattern of disloca-
tions produced near the hot zone will be such as to form a
region of low density at the hottest regions and to compress
the lattice in the cooler regions. The further development of
the cascade involves the heat spreads outward creating a ex-

FIG. 3. The average deposited energy densftyx) relative to ~ panded hot zone. The initially displaced atoms may be reab-
a 1.5 keV Ar, ion trajectory in graphite. The lateral radius is rela- sorbed in the hot zone. Since the pressure at the surface is

Vi, v

Energy Deposition (eV/A?%)
-

tive to the ion trajectory. zero, the internal high pressure developed in the hot zone
pushes the activated atoms towards the surface giving rise to

Ill. THERMAL SPIKE EFFECTS ON SURFACE volume expansion of the hot zone, while the heat wave con-
DEFORMATION tinues to spread outwards and the pressure in the expanding

The basic concept of thermal, or temperature, spikes w hot zone decreases. Finally the local temperature and internal

d ibed bv Seit d K hI’e'A " £ th ’ a|§ressure of the hot zone drop substantially where the cooling

escribed by Seilz and ROEnem portion of the energy 5,4 regolidification processes take place. Depending upon
transmitted to the lattice by an incident particle can appear Bhe surface properties, the local structure of the deformed
the form of lattice vibrations concentrated locally so that the, egion and sputtering’ effects, craters or bumps may be
temperature would be sufficiently high to induce permanenE rmed on the surface. The e\,/olution of the thermal spike
rearrangement of the atoms of the solid. The spike is initiate ceurs in a microscopic region, the concept of melting or
by energy deposﬁed in ion-atom and atom—gtom COIIISIor].Sfiquid flow may not be appropriate. In this highly nonequi-
during the ballistic phase of the cascade, typically of subpl—Iibrium state, additional processes occur, presumably
cosecond duration. The majority of atoms in the spike are ir{hermal-dynar,nic and kinetic effects, atom r:nigration and

time intervgls if‘ Iow-energy interact_ions. In other words, 'ghe ion. Since the spikes formed near the surface may contribute
thermaldsplkgt IS formgd |nt;c]he rhegl:jon Wher?hthe.deptgs'te(iigniﬁcantly to the deformation on the surface, an effective
eni(|a(rgy ff er:Svlv?I/I (ke)xcr(;e ‘;? re.:, r? :]’ b %&TEWVJEE he depthx. is introduced to account for the spike effects on the
SPIke efiec € much less pronou ' € res” — surface?® Therefore, the effective spike energy contributed

old . in terms of the deposited energy per target atom is o ; -
the order of the lattice binding ener§# The formation of = the deformation on the surface can be obtained by

the thermal spike is complete within the time period of bal-
listic collision procesgtypically subpicosecondwhilst the Eer= fs%CS(r,X)dV- €)
spike phase may last for several picosecdfidBherefore, X<Xc
Monte Carlo simulations or analytical methods based on thenis energy is confined in a volume of
binary-collision approximation have been used to provide
input for the starting point of thermal spikes in the cases
where the binary-collision model is suitatt®?*?°The total Vefi= je?%dv- 4)
energy deposited into the spike can be determined by
These approximations for surface effects correspondirzg to
and x. have been discussed independently in the studies of
Es= L;S e(r,x)dv, (1) sputtering and surface damad®.
¢ Generally, the shape of a spike is not purely cylindrical or
where &(r,x) is the deposited energy density. The relativespherical. In the case of low-energy ion bombardment of the
radiusr is defined as the radial distance from the ion trajecHOPG surface, the cylindrical spike is a good approximation
tory in the plane perpendicular to the depth scale as discussed in the next section. The spike cylinder spreads
The formation of the spike is within the time period for laterally creating a hot cylinder. Similar to E(®), one ob-
the ballistic process to complete. The evolution of the spikdains the volume of the hot cylinder within the effective
phase involves additional processes. During the evolution oflepth as
the spike, its energy spreads creating a expanded hot zone. 1E
According to the heat diffusion behavior of the thermal v, =— —ef
spikel it is convenient to assume that the temperaiiere- ™ Ny Qm

®
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TABLE |. Parameters for thermal spikes and bump formation due to low-energy single-ion impacts of HOPG surface.

Energy Angle to Voump SV gump Eeff Vet Qe dE/dX|x<10 A
lon (keV) surface (A3 (A3 (eV) (A3 (eV/atom (eV/A)
Ar 0.5 90 7236 70(2) 139 27.1 5.1 20.8
Ar 1.5 20 8406 4002) 169 37.8 4.5 73.0
Ar 1.5 45 5606 900(2) 113 22.4 5.0 32.2
Ar 1.5 90 4386 (1) 73.7 13.9 5.3 20.7
Ar 3 90 3406 600(4) 51.3 7.5 6.9 19.4
Ar 20 90 1500 25.2 43 5.9 135
Xe 20 90 2760 49.3 9.3 5.3 31.3
N 20 90 660 8.7 3.9 2.2 4.2

8From Ref. 16 and updated as described in the text.
bReference 14.

The activated atoms in this effective hot volume are forcecoump volume calculated as the average of 200 bumps in
by the internal high pressure towards the surface during theach case. Several measurements were repeated in some
lateral expansion and cooling of the hot cylinder, inducingcases, with the number of repeated measurements listed in
deformation on the surface. In the case of low-energy ionthe bracket 0BV pympcolumn. The valu&/y, ., is the average
bombardment of the HOPG surface, where no significanpump volume over several measurements, il is the
sputtering occurs, one would expect a monotonic relationmaximum deviation from the average value among different
ship between the bump volume and the effective spike enmeasurements. In order to evaluate the bump volume due to
ergy if the spike effects dominate. If we assume the atomighe thermal spikes, one need to consider the possibility for

density isny, in the local deformed zone in which each atom ¢ tormation of thermal spikes and their effects on the sur-
receives the energy @y,, the difference betweem, andn, 506 The deposited energy profiéér,x) due to single-ion

results in the final surface deformation after cooling and "®impacts can be obtained using the Monte Carlo method de-

Egl'gglg?rt]gg'alhe bump volume formed on the surface “@%cribed above. For example, the energy profiles for 3 and 1.5
keV Ar* bombardment of graphite at normal incidence to the

surface are shown in Fig(® and Fig. 3, respectively. Such

ng—n
Vbumpz% Vi, a profile of energy is dt_aposited within subp_icosecond dura-
m tion of the ballistic collision process, thus it serves as the
No—Nm 1 Ee starting point for the formation of thermal spikes. For all the
— n—o Q_ (6) cases listed in Table |, the deposited energy is very concen-
m m

trated along the ion trajectory showing a cylindrical distribu-
The parameteQ,, is the average energy per atom in thetion relative to the ion path. Since such a cylindrical charac-
expanded hot zone when the substantial cooling and resolidier is an average behavior based on many trajectories, one
fication processes begin. Since the processes take place at theuld expect more elongated bumps to appear on the surface
surface where no external pressure is applgl.is related  as the incident angle to the surface reduces. This is indeed
to a threshold energy for structural deformation which de-observed as shown in Fig. 4, where the elongated bumps are
pends upon target properties. So the differencegiandn,, ~ marked with rectangles.

results in the bump volume on the surface. One would expect Based on therRiM3D simulation results for the energy

a linear relationship between the bump volume and the efdensitye(r,x), the effective spike energy can be calculated
fective spike energy from Eq6). Such a dependence can be using Eq.(3) wheree, andx, are adjustable parameters. In
verified by applying the above model in the case of bumpthe cases of tilt angle incidence, the integration depth can be

formation on HOPG surface due to low-energy single-ionapproximated by /sina (wherea is the angle of incidence
impacts. to the surfack This is because that the lateral deflection of

the ion paths near the surface is negligible as shown in Fig.
1, thus the ion path can be approximated by a straight line in
the near-surface region. The purpose by adjustingnd x,
is to obtain a monotonic relationship betweég,,, andE

The typical STM studies for the bump formation on simultaneously for all the available data listed in Table I. As
HOPG surface due to low-energy single-ion bombardmena result, we can only find a linear relationship arouget16
can be found in previous articlés:1® The most suitable pa- A and £,=0.25 eV/& as shown in Fig. 5, while no other
rameter related to this surface damage is the bump volume &inds of monotonic relationship can be adjusted obviously.
discussed® where the dependence of the bump volume onThis is in agreement with the linear dependence of (Bj.
ion energy and incident angle has been studied systemativhich suggests that thermal spikes formed in the near-
cally. The dependence of the average bump volume on iosurface region are responsible for the bump formation on
species can be fourtd.The results are summarized in Table HOPG surface due to single-ion impacts in the cases of cur-
l. In the STM studies for 0.5—3 keV Arbombardment®the  rent study. Withx,=16 A ande,=0.25 eV/&, the resulted

IV. BUMPS ON HOPG SURFACE DUE TO SINGLE-ION
IMPACTS
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FIG. 5. The relationship between the observed bump volume
and the effective spike enerdwith x,=16 A ande,=0.25 eV/&)
of graphite due to single-ion impacts. The data points with available
error bars are listed in Table I. The straight line is a least-squares fit
to the data.

of such processes should depend on target properties such as
the melting point® surface binding energy and target struc-
tures. In the thermal spike model, the average temperature in
the hot zone may drop below the melting point while defor-
mation still occurs. For graphite, with an energy@f,~0.1
eV/atom, the estimated lateral extension of the spikes agrees
well with the average bump diameter observed by SfM.
This Q,, value corresponds to a temperature1200 K),
which suggests that structural deformation of HOPG takes
FIG. 4. STM images of the bumps on HOPG surfaces due to 1.place at temperatures well below the melting p48800 K).
keV Ar* bombardment aa) 90°; (b) 45°, and(c) 20° incidence to  From the slope of Fig. §~52.6 AleV) and Q,,=0.1 eV/
the surface. The scan areas are %600 A2, and the grey scales atom, one obtains,,/n,~65% according to Eq(6), which
(from dark to bright are(a) 0-10 A; (b) 0-10 A;(c) 0-13 A. The  corresponds to a local density 6f1.5 g/cn? well below the
rectangles are drawn to highlight the elongated bumps. HOPG bulk density 2.26 g/cinThis low density agrees well
with the typical densities of various forms of carbon or
values for the effective spike ener@; the effective spike  graphite(1.4—1.9 g/cm),*>*?which suggests local structural
volumeV; and the average energy per atom in this volumedeformation and expansion due to single-ion impacts. The

Qei=Eci/NgVes are calculated and listed in Table |. observed bump heights of 2—4 A correspond to expansions
eff eff 110V eff - -
of 15-30 % of the effective deptk, (16 A), while lateral
V. DISCUSSION expansions in the basal plane are expected to be less pro-

nounced in graphite due to its layered structir8uch levels

The parametex.=16 A is consistent with the average of expansion are also consistent with that observed in
radius (10-30 A of the bumps observed on HOPG neutron-irradiated graphife.
surfaces*1® Such an effective depth corresponds to 4—-5 The thermal spike model above also agrees with the STM
atomic layers of the surface. Due to the large interlayer spaaesults that each bump corresponds to a single-ion impacts
ing of graphite’® the dislocations below this depth may have (1:1 ratio in the cases listed in Table I. The val@s=2.2
less influence on the surface. Thus the assumption that onV/atom for 20 keV N bombardment is just about the
the spikes within an effective dep#y contribute to the sur- threshold energy for spike formation in graphite, thus spike
face damage is a reasonable approximation. The threshokifects are also expected as shown in Fig. 5. This is different
energy density for spike formatiom,=0.25 eV/&, corre-  from previous discussiotf. In the case of 20 keV € bom-
sponds to 2.2 eV/atom for graphite. As expected for spikdbardment of HOPG, it has been found that the number of
formation??* this threshold is of the order of the atomic bumps observed is less than that of ion impagtshis can
binding energy of graphite;y 2 eV This energy corresponds be understood as that spikes may not be formed in every C
to a temperature many times the melting pdi8600 K) of impact statistically since lower energy density deposited
graphite, hence large structural changes would be initiated bglong the ion track is expected. It should be pointed out that
the spikes. In the case of heavy ion bombardment of metalshe above results are based on the modified Monte Carlo
local melting and liquid flow onto the surface are suggestedrim simulation, which does not take into account the crys-
in recent MD simulation studied. However, the efficiency talline structure of HOPG. This problem could be overcome
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depth, as shown in Fig. 6, is obtained by integrating the
energy density laterally without the threshold condition
e>¢g;. The difference betwees(r,x) anddE/dx is obvious

as shown in Figs. 3 and 6 especially in the near-surface re-
gion. The energy densitg(r,x) is maximum close to the
impact point just below the surface, while ti&/dx is rela-
tively low at the surface. For comparison, the averdféd x

o o in the near-surface regiofwithin 10 A below the surfage

o for each case is listed in Table I. It is found that the average
o bump volume does not scale monotonically with thEE(

dx) term. On the other hand, it would be necessary to choose
4 a critical parameter associated with the spike formation, such
as the effective energl. as described in Eq2). As ex-
pected, the bump volume scales linearly with the effective
spike energy in the near-surface region with reasonable ap-
proximations corresponding tg andXx.. This is consistent
with the conclusion that the mean energy loss is not suffi-
cient for a treatment of the nonlinear effetts.

dE/dx (eV/A)
0
u]

o T 20 7 7 4 60
Depth (A)

FIG. 6. One-dimensional energy deposition ratE/dx as a
function of depth for 1.5 keV Af in graphite.
VI. SUMMARY

It is demonstrated that Monte Carlo simulations can pro-
by using themARLOWE code’ However, for the statistical vide useful results as the starting point for the formation of
results in the STM studie¥$;®no specific channeling effects thermal spikes during the ballistic collision process. The
are measured in the ion bombardment of HOPG surfaceshermal spike model agrees well with the STM results for the
Although MD simulations can provide more detailed infor- bump formation on HOPG surfaces due to low-energy
mation for the dynamic processes, it is not practical so far tsingle-ion impacts. It is suggested that the one-dimensional
provide sufficient statistical information due to lack of suit- energy deposition rateE/dx is not suitable to describe the
able interaction potentials and limitation of computationspike effects. On the other hand, a three-dimensional param-
time?122|t is accepted that Monte Carlo simulations or ana-eter corresponding to the nature of spike formation, such as
lytical methods provide reasonable approximation for thethe effective spike enerds., should be used. Detailed MD
statistical profile of energy deposition during the ballistic simulations and more experimental data are needed to further
collision proces$;**?°thus this study demonstrates the sta-verify the model presented in this work.
tistical generality of thermal spike effects in low-energy ion
bombardment of solid surfaces.

Normally, the average nuclear energy losEE(dx) has
been used in describing the nonlinear behavior due to spike The authors would like to thank Dr. S. Prawer for the
effects. However, such a one-dimensional parameter may naspiration about the single-ion impacts and Associate Pro-
be suitable in the studies related to spike effects. This i¢essor D. J. O’'Connor and G. Cotterill for their kind help.
because the spike formation relates to the energy densifyinancial support from the Australian Research Council is
which is a three-dimensional term. For example, the oneacknowledged, without which this study would be impos-
dimensional energy deposition rat€/dx as a function of sible.
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