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Computer simulations of damage due to passage of a heavy fast ion through diamond
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We present tight-binding molecular dynamics simulations of the structural modifications that result from the
“thermal spike” that occurs during the passage of a heavy fast ion through a thin diamond or amorphous carbon
layer, and the subsequent regrowth upon cooling. The thermal spike and cooling down are simulated by locally
heating and then quenching a small region of carbon, surrounded either by diamond or by aspidsilyded
amorphous carbon network. For the case of the thermal spike in diamond we find that if the “temperature”
(kinetic energy of the atomst the center of the thermal spike is high enough, an amorphous carbon region
containing a large fraction of threefold coordinated C atgspé bonded remains within the diamond network
after cooling. The structure of this amorphous layer depends very strongly on the “temperature” of heating and
on the dimensions of the thermal spike. Scaling is found between curves of the dependence of the percentage
of sp? bonded atoms in the region of the thermal spike on the heating “temperature” for different volumes.
When the thermal spike occurs in an initially amorphous sample the structure of the damaged region after
cooling exhibits the above dependencies and is found to be a function of the structure of the original amor-
phous carbon layers.
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[. INTRODUCTION they mainly contain a mixture of vacancies and interstitial
C atoms which eventually collapse to form vacancy clusters

Carbon can bond in different hybridization forms, includ- (vacloid9.* On the other hand, Prawer and Kalish have
ing diamondlike(sp®) and graphitelike(sp?), resulting in C  concluded, based on measurements of the dependence of
based materials with extremely different physical and chemithe conductivity of damaged diamond on ion-damage-
cal properties. After equilibrium conditions are achieved, disimplantation dose, that the ion-affected diamond at high
rupted sp® bonds may reconstruct as the more stagf2  enough doses is highly conductive due to the formation of
bonds. The passage of swift ions through matter causes hegraphitelike regions along the ion tracks.
ing to very high temperatures which results in severe bond Computer simulations of the damage in diamond caused
breakage. This local damage around the ion track is generallyy the energetic displacement of a few C atoms resulting in
referred to as a “thermal spike” which accompanies the stopdamage to a small volume in diamdéngf 1.4 nn¥) show
ping of the ion in matter. For the case of diamond, the locathat the size and nature of these regions depend on the initial
bond disruption of thesp® bonds, and subsequent reconstruc-recoil energy imparted to the C atoms and on the sample
tion upon equilibration, may result in the formation ofst ~ temperature. In some cases, when the sample was heated to
rich region along the ion track. Indeed, the passage of Me\B000 K the formation of clusters ap? bonded C atoms
or GeV heavy ions through diamondliksp® rich) layers has  forming sixfold rings has been observed in these simulations.
been shown by high resolution AFM and STM scans to result In the present study we simulate the passage of a swift ion
in local graphitizatiort. This is supported by the formation of through a diamond or a diamondlike tetrahedrally bonded
protrusions at the ion-impact pointswelling) and by the amorphous Gnamedta-C) layer by locally “heating” a sec-
formation of electrically conductive channels along the iontion of the sample up to very high temperatu(esmparable
track. Both these modifications of the diamond indicate thato the temperatures expected to prevail in the thermal gpike
preferredsp? bonding has occurred along the pathways ofThe temperatures studied are between 14 000 and 30 000 K,
the ions, in the otherwisep® rich material The width of the  corresponding to kinetic energies of 1.2 to 2.6 eV per atom
transformed material, due to the impact of GeV Au ions, has
been deduced from the data and was found to be of the order
of 85 nm. Figure 1 illustrates the material transformation
(density and electrical conductivitymeasured by atomic
force and scanning tunneling microscopy.

The damage inflicted on diamond by the passage of sub-
MeV ion is known to result in electrically conductive regions
along the ion track and around the stopping points of the
ions3 At high enough implantation doses the individual dam-
age tracks overlap resulting in the formation of macroscopic F|G. 1. (Color onling Surface morphologyleft-hand sidg
conductive regions, which have been shown to give rise t@nd local electrical conductivityright-hand sidg of the trans-
hopping conductivity. The exact structure of these damage¢brmed diamondlike amorphous carbon due to ion imp#aken
regions in diamond is controversial. Prins postulates thatrom Ref. 2.
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which are of the order of the energies delivered to the recoilposition, density, and the displacement energy of the con-
ing carbon atoms within the damage cascade, as obfanyed stituent atoms. TRIM provides good estimates of the damage
SRIM simulations(see next section These energies, obvi- and of the implant distributions and it is widely used in plan-
ously, depend on the detailsnergy and magsf the ions nhing the dopant profile in ion-implantation experiments.
that cause the “thermal spike.” Hoyvever, TRIM cannot acco_unt for the structure of Fhe ma-
We compute thep? andsp? fractions in the affected vol- terial (amorphous vs crystallinenor model the dynamic an--
ume and follow their evolution as a function of cooling rate N€aling of the implantation affected material. In particular, it
and time. For the samples that were initially diamond strucannot predict the nature of the defects in diamond because
ture we find that, upon cooling, a region which contains bottPf the variety of possible bonding configurations of carbon

sp? andsp® bonded C forms along the track. The nature ofthat may ”!d“.ce the diamond to gyaphite transition. It 'is
the material in this regrown region depends on the initialworth mentioning that recently significant efforts were di-

heating of the track and on its cooling rate. Under Somerected toward the extension of the capabilities of TRIM. For

conditions, complete regrowth back to perfect diamond i example, the Crystal-TRIM progrdthcan take into account

f h . h ich ; . Scrystallinity of the target. A modification of TRIM has re-
ound, whereas in other cases,sg rich region remains ently been developed by Sha’ak@which enables follow-

along the ion track. Similar results are found when a therm hg the evolution, in space and time, of the damage cascade
spike is simulated in initially amorphous carpon which ig caused by the passage of a single ion through matter. The
then allowed to cool down under a range of different condi-regyts of the application of this code to simulate the passage
tions. The relevance of these computational results, despitgf an 1 MeV Xe ion through diamond show that extremely
the obvious limitations of small samples, defect “track” CON-high temperature¢of the order of many tens of thousand of
figuration and relatively short cooling times, is their resem-gegreepare induced during very short timéess than 1 ps
blance to the conditions expected to prevail within the theryjong the jon track. As we will discuss below, these resemble
mal spike and its rapid quenching during cooling. Slow bondne time/temperature regime modeled in our computations of
rearangements at loi~1000 Q temperatures, as obtained the gamage inflicted on diamond atzsC (tetrahedral amor-

by thermal annealing, are not considered here. phous carbonby heavy ion irradiation.

We start below by briefly reviewing the physical pro- = Recently, an improved version of TRIM that simulates the
cesses involved in the formation of the thermal spike and th%nergy loss of swift ions, SRINIThe Stopping and Range of
typical parameters of such a spike initiated in diamond byions in Mattey cod€ was developed. This code calculates
the passage of a swift heavy ion; we then describe the comhe stopping and range of ions slowing down in matter using
putations performed, discuss their relevance to i0ony quantum mechanical treatment of ion-atom collisions. This
implantation experiments and present and discuss our resuliga|culation is made very efficient by the use of statistical

algorithms which allow the ion to make jumps between cal-
Il. BACKGROUND culated c_:ollisiong and then averaging the colli;ion results
over the intervening gap. For example, the stopping power of

The “thermal spike” which accompanies the passage of afast He, Be, C, and Al ions in carbon in a wide range of
ion through matter can be viewed as a short-time local meltenergy was calculated and the values were found to agree
ing of the ion damaged region followed by a rapid cooling.with experimental results within a few percéft.

Quenching from the liquid phase has been widely used to A MD study of radiation damage caused by the passage of
create amorphous materiglacluding amorphous carbpim a single carbon atom through diamond was performed by Wu
computer simulations, using empirical potentfiland ab  and Fahy® using the Tersoff potential. In that study the com-
initio®1! and tight-binding molecular dynamié%'4 It has  putations were restricted to the investigation of the damage
been shown that such a procedure produces an amorphotiseshold energy necessary to displace a single C atom from
carbon similar to material produced experimentally by theits lattice site. Smit/ simulated the results of the bombard-
deposition of a carbon film either by evaporation in an eleciment of diamond using a similar computational method but
tron beam, by carbon a1’ or by ion beam deposition with limiting the analysis to the ejection mechanisms of C atoms
ion energies between several ten and several hundreidom a diamond surfacgarbon self-sputteringMarks?® has
eV.18-20 investigated the growth o&-C layers. By computing the

In contrast to this large body of computer simulations ofmean square displacement of the atoms during the cooling of
amorphous carbon, there have been only a few simulationghe melt and the time required for it to relax, the life-time of
of the material resulting from damaging diamond by ion im-the thermal spike in diamond was found to be less than
plantation. Specific simulations of damage in material in-1 picosecond, for ion impacts below 400 eV. In this latter
duced by ion implantation can be divided into two catego-studyab initio MD techniques were used.

ries: (i) the commonly used TRIM cod&? or its more Saadaet al® carried out MD simulations, using the Ter-
recent version SRINMand(ii) the molecular dynamicgViD)  soff potential, of a damage region embedded inside a dia-
technique?® mond matrix created by the energetic displacement of carbon

The TRIM (TRansport of lons in Mattg¢rcode is a Monte  atoms with a kinetic energy of up to 416 g8 times the
Carlo program that calculates the trajectories of the primarylisplacement energy of carbon atoms in diamandhe bulk
ion and of the recoiling host atoms involved in the irradiationof a diamond crystal. Such regions are likely to appear in
event. The required input parameters are the ion type andiamond at the final stages of the implantation-related dam-
energy and the properties of the host material, i.e., its comage cascade. In these simulations the temperatures of the
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“thermal spike” are extremely high, and last for very short The method used here to distinguish betwsphandsp’
times, hence the effects of the temperature at which théonded atoms is based on determination of the coordination
samples are hel@the so-called implantation temperatuyie ~ number of each atom. The radial distribution funct{&DF)
negligible within these simulations. We note that further an-of all carbon samples exhibits a clear gap, centered at about
nealing of the damaged region will occur, but over a much0.19 nm, separating the first and the second peak correspond-
longer time scale[Depending on the sample macroscopicing to the first and second neighbor shells. All atoms within
temperature and on the diffusivities of the annealing speciethe sphere of radius 0.19 nm are thus assumed to comprise
(whether vacancies or interstitialhe relaxation times of the the nearest neighborhood of a given atom. Therefore, the
crystal into its final “room temperature” state may last asnumber of neighbors of each atom within a distance of
long as fractions of seconds. This time regime and the an8.9 nm determines the coordination number. Atoms that have
nealing taking place in it are not dealt with hgr&he con-  four nearest neighbors within this sphere are assumed to be
clusion of the Saadat al. study was that partial amorphiza- sp® bonded, atoms which have three nearest neighbors are
tion of a volume with a radius of 1-2 nm occurs around theassumed to bep? bonded and atoms which have only two
stopping point of the recoiling ion. With an increasing num-are assumed to k&p bonded. No atoms with higher coordi-
ber of successively displaced atoms, the damage volume amtion number were found during the simulations.
the number of threefold coordinated atoms was found to in- The Atomic Visualization packag@\Viz)3? was used ex-
crease. The structure of the damaged regioas the ratio of  tensively in all stages of this project. Visualization of our
sp? andsp® bonded C atomswas found in Ref. 6 to depend carbon samples with color coding for different atomic bond-
on the sample temperature. ing helped identify clusters of eithesp? or sp® coordinated
These computer studies strengthen our understanding afoms, rings, graphitelike planes. Color pictures of the results
the processes occurring inside or at the end of an ion track iof the present study can be found in the online version and
diamond. However, the transitions froep® to sp? bonds animations are also presented on the web38ite.
within thermal spike regions have not yet been investigated
in detail. The purpose of the present study is to investigate
transformations of diamond and diamondlike amorphous car- B. Details of the sample preparation
bon under the extreme conditions which prevail during and

. . 1.D d di d dwiched
after the passage of a heavy fast ion through the material. amaged dlamond sandawiche

between two layers of diamond

Six different samples with a density of 3.5 g/cc, initially
IIl. TIGHT-BINDING SIMULATION DETAILS arranged as a perfect diamond crystal, were prepared. Their
A. General description of the calculations sizes were X 2X6 (192 atomg 2X2X7 (224 atomg, 2
X 8 (256 atomy 2X 3X6 (288 atomy and 3X3X 6 (432
We present simulations of the thermal spike which occurgitomg diamond unit cells.
during the passage of a heavy fast ion through either dia- The “thermal spike” was created by heating the cen-
mond or amorphous carbon by locally heating a slab of théral layers up to “temperatures” of 1.2-2.6eV
material to very high temperatures and allowing it to rapidly (14 000—-30 000 K The 32 upper and 32 lower atoms of
cool down. It should be mentioned, that because of compueach samplgthe upper and lower layers of a height of
tational limitations, we have simulated the damaged regior8.55 A) were frozen, i.e., the motion of these atoms was
as a slab of molten material sandwiched between cold urforbidden. The initial geometry of the samples is shown in
damaged layers rather than more realistic cylindrical shap&ig. 2. The outermost frozen diamond layers had the effect
of an ion track. Nevertheless the general trends found heren their neighboring hot atoms of forcing them to return to
should also hold for the cylindrical geometry. A large in- their initial positions, i.e., to regrow epitaxially back to dia-
crease in volume accompanies tBp*- to sp’-bond con- mond. In this way a temperature gradient from the edges to
version?® but the volume of the damaged region in the centetthe center of the sample was created. Once the liquid phase
of the diamond is restricted by the surrounding diamemd reached equilibriungthis process was controlled by monitor-
amorphous carbgrlattice, therefore simulations are carried ing the total energy of the systgnthe central layers were
out under constant volume conditions. In order to set theooled to room temperature at a cooling rate of 10 K/fs. This
initial temperature, a randomly directed velocity is assignedcooling rate was selected after a number of earlier simula-
to each atom. The value of the velocity is randomly selectedions carried out at slower cooling rates showed that the final
in accordance with a Maxwell distribution for the desired Sp?/sp’ ratio is not sensitive to this specific characteristic of
temperature. The velocities can be rescaled to be related tbe cooling process. The height of the hot layers varied be-
the ambient temperatures. Periodic boundary conditions arsveen four and six diamond unit cellsot at the expense of
applied to the samples in all three directions. The MD steghe height of the outer cold laygrand the width of the hot
was 0.5 1015 s. In order to describe the interactions be-layers varied from two to three diamond unit cells. The full
tween carbon atoms we use a tight-binding moéiyhich  time of cooling was 1.5 p$§3000 MD steps However, the
has been shown to be transferable to successfully simulatentral layers ceased to move after the 750 first MD steps, so
different carbon polytypes: diamond, graphite, fulleréhas  the lifetime of our “thermal spike” was 0.3 ps. This value is
well as disordered carbon structures such as liquid and amosimilar to the lifetime estimates of Marisand Saad&,of
phous carbon phasés!3 0.2 ps and 0.21 ps, respectively.
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C. Sample equilibration

We checked carefully, by monitoring of the total energy of
the system, that the heating time was sufficiently long to
enable the liquid structure to reach equilibriumarly at-
tempts to prepare samples of amorphous carbon by quench-
ing from a liquid carbon that was not in equilibrium led to
inconclusive resulys

D. Relevance to experiment

Our aim is to determine the nature of transitions between
different carbon bonds as the result of the passage of fast
ions in samples of different initial structures. To do this, we
need to examine the region of passage and its intermediate
neighborhood on an atomistic scale. However, this micro-
scopic region is contained in a larger carbon matrix, and

FIG. 2. (Color onling Initial configurations of the sample&)  \while the microscopic region corresponds directly to that in
crystalline diamond sampléh) ta—C sample; greypurple onling  the experiment, the surrounding matrix may differ in scale.
balls represent the frozen atoms, whigellow onling balls repre-  \ne address the issues of system size and temperature in re-
sent atoms that are free to move. lation to the parameters of experimental samples.

In the simulations, on one hand, a maximum of 432 atoms

2. Damaged amorphous C region sandwiched can be contained in a single sample due to computational
between two layers of frozen taC limitations. On the other hand, the periodic boundary condi-
tions mean that the sample is in a sense infinite, and, in

Four initial samples of diamondlike amorphous carbon afparticular, has no surfaces. Thus the simulation samples are
density 3.5 g/cc were prepared by heating diamond up t®oth smaller and larger than the laboratory experiment. We
5000 K followed by cooling of the liquid phase to 300 K note that a slab of modified material sandwiched between
during 5 ps with an exponential cooling profile. Edeh—C  frozen layers is simulated instead of a cylinder, which would
amorphous sample contained 192 atoms with a geometryetter resemble the shape of the disrupted region around an
7.1 Ax7.1 Ax21.3 A. The samples contained 66+4 % of ion track. This simplification does not influence the qualita-
sp® coordinated atoms. In order to achieve a larger percentive results, since we are investigating the local region
age ofsp® coordinated atomgabove 70%, two additional  around the ion pattwhich has a linear extent of 7.2 A along
samples were prepared using the the following procedurethe track direction and repeated periodically in this direc-
the amorphous structure was prepared with a density ofon). The geometry was chosen so that this region is well
4.0 g/cc by quenching a liquid phase down from 10 000 Ksurrounded, in the direction perpendicular to the track, by
700 K with a cooling rate of about 500 K/ps, then the den-diamond or amorphous carbon matrix, which is frozen in
sity was reduced from 4 to 3.5 g/cc by uniform expansionplace. In particular, there are 7.4 A between replicas of the
after which the temperature of the system was raised t@racks, a region that is sufficient to avoid interaction since the
2500 K, and thereafter the structure was recooled to roomange of the potential is only 3 A. In order to ensure that the
temperaturé? The two structures obtained at a final densitysamples are of sufficient size to enable reliable interpreta-
of 3.5 g/cc consisted of 84% and 77.5% ® bonded at- tions, a series of different sizes were used for each situation
oms, respectively. and the effect of the scaling of the system size was carefully

To simulate a “thermal spike” in the diamondlike amor- investigated. This is not exactly equivalent to the finite size
phous carbon samples, the central region of each sample wasaling that is commonly applied to phase transitions and
heated to “temperatures” of 1.2-2.60 eV per atomcritical phenomena, and is closer to the scaling used by
(14 000—30 000 K The upper and lower layers of a height Rosenblumet al3® in a study of thermal stress at diamond
of 3.55 A each, were kept frozen. For the six amorphousnterfaces. The excellent agreement of both of these scaling
carbon samples the height of the hot layers was 14228  approaches with results from laboratory experiments gives us
atoms in averageA representation of a typical initial sample confidence in the concept. The data collapse, as a function of
geometry is given in Fig. 2. Darlpurple onling atoms at system size, and the smoothness of the scaling that will be
top and bottom indicate the frozen layers, the ligyellow  demonstrated below confirms that the results could be reli-
online) central ones are free to move and during heatingably extrapolated even further if needed.
there is a temperature gradient from the edges to the center Temperature is introduced into the simulations as kinetic
of the samples. Following the heating stage the structuresnergy. In the laboratory, the region around the ion track is
were cooled to room temperature at a cooling rate ofxtremely hot for a very short time. The high heating “tem-
10 K/fs. The time of calculations and the lifetime of the peratures” of the simulation are thus large amounts of kinetic
“thermal spike” were the same those described above for thenergy given to the heated atoms. Again here, we have stud-
case of the damaged region between two layers of perfedétd the scaling of “temperature” with system size. Not sur-
diamond. prisingly, the actual “temperature” needed to attain specific
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TABLE I. Fraction of the fourfold, threefold, and twofold coor- 60
dinated atoms in the heated layer after cooling in the sample with
192 atoms.

—o- T=1.98 eV/atom
—8- T=1.72 eV/atom

T (eV/atom)  Fourfold (%)  Threefold(%)  Twofold (%)

percentage of sp2 bonded atoms
8

1.55 eV 100 0 0
1.72 eV 95+5 545 0 2
1.98 eV 7945 1945 242
2.41 eV 7445 23+5 3+2 10
2.58 eV 6245 3415 4+3

0 200 400 600 800 1000 1200 1400 1600
MD steps

structures is a function of system size. Again, collapse of FIG. 4. The fraction of threefold coordinated atoms in the hot

graphs to a single functional form will be demonstrated andayers, shown during the process of cooling from the initial “tem-

provides validation for our approach. perature” of 1.725 eV and 1.98 eV/atom. The sample contained
four hot layers(128 atomy Each MD step is 0.5107%°s.

IV. RESULTS OF TIGHT-BINDING SIMULATIONS lower than 1.72 eV per atom a#ip” and sp bonds disap-
_ ) peared in the process of cooling, and the final, cooled, struc-
A. Damaged diamond sandwiched ture returned to a perfect diamond lattice, as shown in Fig. 3
between two layers of intact diamond where the percentages of different hybridizations are graphed
1. Influence of the heating “temperature” as a function of “temperature” during the cooling process.

At higher initial heating “temperatures” the heated layers
Semained, after cooling, partially or entirely amorphous. The
fraction of threefold and twofold coordinated atoms in the

) Structure does not disappear. Figure 4 shows the percentages
cooling someor all) of theses? andspbonded atoms trans- ¢ sp? bonded atoms during the cooling process from differ-

formed back tosp® coordinated C atoms. The final fraction o jniial heating “temperatures:” at low initial temperature
of threefold and twofold coordinated atoms depends on thg e sample returns to diamond and a percentagspdf

kinetic energy per atonftemperaturej in the heating pro-  1),nqeq atoms decreases to zero, at high initial temperatures
cess. The higher the heating “temperature” of the atoms thﬁmorphous phase with presencesgf (and sometimesp)
larger was the ratio ofp’/sp’, that prevailed after cooling. ¢oordinated atoms remains in the center of the sample. It
Samples initially heated to a relatively low “temperature” g, 14 he mentioned that the specific bonding configurations
returned to diamond, whereas for hotter samples some NORome meaningful only once the sample starts to solidify.
diamond bonds remained after cooling. _ The volume of the region remaining amorphous after
For example, let us consider the<2 X 6 sample contain-  ,qjing was found to increase with the heating “tempera-

ing 192 atoms, 128 of which were free to moye., were 10 » | Fig. 5 visualizations of some samples cooled from
heated and subsequently cogledihe percentages of four-

fold, threefold, and twofold coordinated atoms in the hot
layers after cooling from different “temperatures” are pre-
sented in Table I. Whenever the heating “temperature” was

When the diamond lattice in the central hot layers wa
melted, C-C separations, that resemble those betvggén
and sp bonded atoms, appeared in the liquid layers. Upo

-

8 B & 28 d 8 8

FIG. 5. (Color onling Amorphous carbon located between two
layers of diamond. The samples contained 192 at@s2 X 6),
temperature of heating was 1.2 eV/atdaft), 1.38 eVV/atom(cen-

-
=]

perceniage of difieremntly coordinated atoms
Q

' .-,empe,am,;.l:ewmm, ter) and 1.98 eV/atongright). Grey (purple balls represent four-

fold coordinated atoms, whitgellow) balls represent threefold co-
FIG. 3. Recovery rate showing the evolution of the fraction of ordinated atoms, black ballsvhich appear only in the right most
twofold, threefold, and fourfold coordinated atoms in four layers samplé represent twofold coordinated atoms. Boundaries between
(128 atomy during the cooling process, following heating to frozen layers and layers of atoms which are free to move are de-
1.725 eV. noted by arrows(Purple and yellow are shown online.
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35 — T=1.72 eV/atom 100 = =+ T=2.59 eV/atom
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30| - - - diamond -
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0 0.5 1
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FIG. 7. Angular distribution functions of the central layers of
the sample containing four hot laye@x 2 X 6), cooled from two
different initial “temperatures.” The thin dashed line shows the an-
“gular distribution function of the initial diamond sample for
comparison.

FIG. 6. Radial distribution functiong(r) of the central layers of
the sample containing four hot laye{®x 2 X 6) cooled from two
different initial “temperatures.” The thin dashed line shows the ra
dial distribution function of the initial diamond sample for
comparison.

different heating “temperatures” are presented. We see that f£ating “temperature{dashed lingare lower and broader.
the sample where the heating “temperature” was high The angular distribution function of the hot layers dem-

(1.98 eV/atom almost an entire layer of atoms which were onstrates similar behavior, see Fig. 7. The peaks are lower

free to move has transformed to amorphous carbon with 1998"d Proader when the heating “temperature” is higher, this

of sp? bonds, while in the sample initially heated to corresponds to a higher fraction of threefold and twofold
1.38 eV/atom only a small central region is amorphous and:oordinated atoms. The angular distribution peak related to

the layers which are adjacent to the frozen part of the samplgzl'98 eVis Iocated_at 112tloser to the ideal 120° fasp?
return to their crystalline diamond structure. The reason foPended C atoms while the peak of the curve related to
the dependence of the volume that remains amorphous oh’2 €V is located at 109typical for sp* bonded atoms

heating “temperature” is that at lower “temperatures” the fro-

zen outer layers of diamond extend their influence to larger 2. Effects of the size of the hot layers
distances, therefore a larger volume of the damgged region o heating “temperature” is not the only factor that in-
reconstructs to the diamond structure after cooling. A ten;

. fluenced the structure of the damaged region. If the height of
dency to segregation of the threefold and the fourfold atom e layer with atoms that were free to move was increased

xasnot?]se\:v?dmm tfh teh s?m?listhh?a:terg fg Zlgfrlnt?mhperatvl;r?r%m four to six unit cells without changing the width of
f(fai i n?l CIH: € ?m et e"gls nfraz ?‘ ? ed amorphous agamples, the percentage of threefold and twofold coordinated
sufficiently large(almost all nonfrozen atoms . atoms in the damaged layers, when heated to the same tem-
The radial distribution functioiRDF) of the C atoms in perature also increase@ee Table ). As was explained

th;;ﬁﬁ;?%i'iferﬁzenfﬁd Isnuglgéael{slzt%;?lgng?:zﬁln?h;efri?_ bove, the frozen layers assist the intermediate layers in their
P ppIng P P icinity to return to diamond lattice structure. The central

Egﬁgog?]tgdtoat;htiié tarrz:r;’:tpﬁgoﬁgg;gtg‘é?}gggﬁ_that atoms in the samples with a large number of the hot layers
cated pat ~1.42 A and sp bondgd atoms Iocateé at feel the influence of the diamond frozen layers to a lower
: ) ( extent, and therefore the volume of the region remaining

~154 A). The second peak located at 2.5 A, representin morphous after cooling was large, with a high percentage of

e e s, ogAP cootiated toms I he smalsanples e conrl -
: : " 9- ers needed to be heated to very high “temperatures” to di-
ever, as was explained above, the higher the “heating te

ture” the | h | f th ; ) *Mhinish the influence of the outer frozen layers. The highest
grenrgrurheo S e'rhzrr?e?c;re levlglglr:n ee(z)ak reelgfgtljo?o rtigar'p'?]g“rtemperature” at which the sample reconstructed its diamond
phous. peaxs '9N%httice after cooling also depended on the height of the hot

TABLE II. Fraction of the fourfold, threefold, and twofold co- Iayers..Thls temperature decreased as the height of the hot
layers increase(see Table II).

ordinated atoms in the samples with different height of the hot layer Graphs of the dependence of the percenta honded
heated to 1.72 eV per atom. . -\ N

atoms on the heating “temperature” are plotted in Fig. 8 for
the samples with different heights and same width of the hot
layers. Interestingly, all these curves have the same shape for

Number of layers Fourfol@%) Threefold(%) Twofold (%)

4 95+5 5+5 0 different numbers of the hot layers despite the different dis-
5 78+5 2145 1 tances between the hot layers and the frozen ones. All the
6 7445 26+5 0-2 curves can be fitted to a unique functitf—T* ), whereT*

is the upper temperature of heating, at which the sample can

064110-6



COMPUTER SIMULATIONS OF DAMAGE DUE TO.. PHYSICAL REVIEW B 70, 064110(2004

TABLE lll. The upper “temperature” of heating at which the 35 °
samples reconstruct their diamond struct(F).

Number of layers T
4 1.63+£0.04 eV
5 1.51+0.04 eV 45} —
6 1.38+0.04 eV > Shotlayers

10 e 4hotlayers

— y=-47.8x%4+79.9x-07

percentage of spz bobded atoms

return to diamond after cooling. In Fig. 9 the collapse of the
curves to a single scaling function is shown. %4 . 06 o3
The samples with different widtffrom 32 to 72 atoms in T-T
each ""?V?T at. the same height of the hot layers also demon- FIG. 9. The same curves shifted . The solid line is a result
strate finite size effects. The percentage of threefold and two- e
- . . . of square polynomial fitting.

fold coordinated atoms in the central layers is larger in the
wider samples at the same heating “temperature,” the “tem-
perature” at which the sample returns to diamomd, is

higher for the thinner sampldgsee Table V.

The radial(RDF) and the angl€¢ADF) distribution func-
tions of the central layers of this amorphous carbon sample
after cooling from the “temperatures” of 1.55eV and
2.33 eV are plotted in Figs. 11 and 12, respectively. The
B. Simulation of molten and cooled amorphous carbon located peaks corresponding to the higher temperatures of heating

between two frozen layers of amorphous carbon were lower, broader, and slightly shifted toward the shorter,

Now let us consider structure of a central amorphous card"@Phite, bond length and larger, graphitelike, bond angle

bon layer sandwiched between two layers of frozen amor€lative to those at the lower temperatures. This indicates a
higher fraction of thesp? bonded atoms.

phous carbon. After cooling, the central damaged region re-"2 ™ . . .
mained amorphous, but thep’/sp ratio changed. The It is obvious that the percentage of differently coordinated

dependence of this generated structure on the heating “arifoms in th_e frozen layers he_ls. i.nfluence Qn_the results of the
perature” was similar to that of the previous stage of thecentral region. The samples initially containing a larger frac-

simulation (amorphous carbon between two layers of dia-ion Of thesp? bonded atoms, contained a larger fraction of
mond. Namely, if the central atoms were heated to higherIhesz _bonde_d atoms after COOI'r(.@t the same temperaiure
“temperatures,” the fraction of thep® bonded atoms in- ©f héating. Figure 13 shows the final .per(jentagesoF co-
creasedcorrespondingly, the fraction of thep* bonded at- ordinated atoms as a func'uon of heating “temperature” plot-
oms decreasgdSome of these structures were highly inho-t€d for samples with different percentage of and sp?
mogeneous, in particular when the initial sample contained Qonded atoms before heating of the central layers. The data
large fraction of fourfold bonded atoms and was heated to ‘?elated_ to the smaller initial fraction dfp? atoms have a
relatively high “temperature.” In Fig. 10 the visualization of IOWer final fraction of thesp?”
some of these amorphous carbon samples is presented. We
can see that the frozen layers of the sample with 77.5% of C. The band gap
sp® bonded gtoms initially, contained after hgating and sub- During the calculations many samples of amorphous car-
sequent cooling 75% afp’ bonded atoms, while the central o with different structures were generated. The width of
Iayers_ after heating to 2.33 eV and subsequent quenchinge pand gap was “measured” for most of them by comput-
contained only 39% of the fourfold atoms. ing the density of state®0S) as function of energyenergy
levels are calculated in tight-binding molecular dynamics as

X
n Pig . .
§ 50 B TABLE V. The upper “temperature” of heating at which the
- ped sample reconstructed its diamond struct(F&) and percentage of
T 25 ! sp? coordinated atoms in the samples cooled from 1.72 and 2.07 eV
N‘S; a0 per atom.
2
g 15 =»= 6 hot layers Width T* 1.72 eV 2.07 eV
g =@ § hotlayers
£ 10 0~ 4 hot lavers
[}
g o 32 atoms 1.63+0.04 eV 545 2045
ol —. . & . . . .
12 14 16 18 2 22 24 26 48 atoms 1.48+0.04 eV 1945 32+5
temperature, eV/atom
FIG. 8. The dependence of the percentagem@fbonded atoms 72 atoms 1.29+0.04 eV 22+5 4145

on the heating temperature for different heights of the hot layers.
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60

= T=1.55 oV/atom
50 ==+ T=2.33 eV/atom
- - - initial amorphous

40

a(0)

30

20

10

FIG. 10. (Color online Samples of amorphous carbon located % 0 100 e 200
between two layers afa—C amorphous carbon: the initial sample bond angle, &
(77.5% ofsp’) (left), and the samples after cooling from 2.07 eV
(in the centey, and from 2.33 e\(right). Grey (purple) balls repre-
sent fourfold coordinated atoms, whitgellow) balls represent . )
threefold coordinated atoms, black balsf which there are only  (79% ofsrf in the central layens cooled from two different “tem-
four in the rightmost sampjeepresent twofold coordinated atoms, Peratures.” The thin dashed line shows the angular distribution
Boundaries between frozen layers and layers of atoms which afg/nction of the initial amorphous sample before heating for
free to move are denoted by arrowBurple and yellow are shown cemparison.
online)

FIG. 12. Angular distribution function of the central layers of
the sample containing 77.5% af® coordinated atoms initially

val the fraction ofsp? bonded atoms increases sufficiently to
a result of diagonalization of the Hamiltonian majrior ~ begin to create clusters. If the fraction of teg? atoms is
example, the graph of density of states for two samples o$maller than 25%, then only separatgd bonded atoms are
amorphous carbon, containing 86%sgf bonded atoms and embedded in thep® amorphous network. If the fraction of
53% ofsp? bonded atoms is plotted in Fig. 14. The band gapthe sp* atoms is larger than 40%, the clusters begin to
of the sample with 86% o§p® bonded atoms was estimated connect one with another. The band gap disappears when the
visually from the graph to be 2.3 eV. The sample with 53%fraction of thesp? bonded atoms reaches 45%.
of sp® bonded atoms does not indicate the presence of any
band gap, this sample is expected to be electrically conduct-
ing. The width of the band gap depends not only on theV. DISCUSSION AND COMPARISON WITH EXPERIMENT

fraction of the differently coordinated atoms, but also on The experimental result® described earlier show that

their individual configuration, i.e., on the local clustering of the hiah local enerav deposition of the ions into diamond or
sp? bonded atoms. Figure 15 shows a plot of the width of the 9 gy dep

band gap as a function of the fraction sf# coordinated amorphous carbon along their paths causes a rearragement of
atoms in variouga—-C samples.

There is a noticeable scattering of the points between 60%
and 75% ofsp® bonded atoms. We suspect that in this inter-

85

50

45

70| = T=1.55 eV/atom .
== T=2.33 eV/atom »
- - - Initial amorphous

40

a(r)

percentage of sp? bonded atoms

1 1.2 14 1.6 18 2 22
heating temperature ( e¥/atom )

0 FIG. 13. The final percentage & coordinated atoms as a
0 05 25 8 function of heating “temperature” plotted for samples with different
percentage o§p® andsp? bonded atoms before heating of the cen-
FIG. 11. Radial distribution functiong(r) of the central layers tral layers. Circles in solid line are 38% sf? in initial amorphous
of the sample containing 77.5% ef® coordinated atoms initially ~sample(36% in the central layeys diamonds in dashed line are
(79% of sp? in the central layeis cooled from two different “tem-  36% of sg? in initial amorphous samplgd1% in the central layeys
peratures:” after cooling from 1.55 eV the central layers containedsquares in dashed-doted line are 30%sp? in initial amorphous
78% ofsp?® coordinated atoms, while after cooling from 2.33 eV the sample(27.5% in the central layeystriangles in dashed line are
central layers contained 39% sp® coordinated atoms. The thin 22.5% ofsp? in initial amorphous samplé21% in the central lay-
dashed line shows the radial distribution function of the initial ers, stars in solid line are 16% &f? in initial amorphous sample
amorphous sample before heating for comparison. (14% in the central layeys

1 1.5 2
distance (Angstrom)
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0.3 ing form similar to amorphous diamonda—C). Only at
— 86 % of SP: bonded atoms doses exceeding those required for amorphization, does the
"""" 53 % of sp” bonded atoms amorphoussp® structure transform to an amorphosg?

structure which is electrically conducting. In our simulation
at low “heating ” temperatures the diamond also reconstructs
this structure after cooling. At higher heating “temperatures”
the structure remains amorphous after cooling and the frac-
tion of sp? bonded atoms in the damaged region increases
with the heating “temperatures.” An increasing of the heated
volume lead to increasing af fraction along this ion track
and to an increase of conductivity.

=T o 0 s Experimental resul®§ show that in contrast to diamond,
Energy (eV) for ta—C where no crystalline template exists, there is noth-

FIG. 14. The density of states of the samples of amorphouém:“l to inhibit thesp3 to SPZ. bond conversiqn, hence th_ere is
carbon, containing 86% o bonded atoms and 53% i? no reason to expect a critical dose at which a sharp increase
bonded atoms(E=0 is chosen arbitrary. in the electrical conductivity should start. Moreover, the de-

crease of the electrical resistivity ta—C occurs at much

the carbon atoms and can lead to a transformation of th®wer implantation dose than in diamofftiThe results of
insulating diamond or amorphous diamondlikg® form of  €lectron energy-loss spectroscopy allows to estimate the
carbon into a conducting layer rich isg? bonded carbon fraction of sp bonds,f, in ion implantedta—-C. At low ion
atoms. In the simulations we modeled the transformation ofloses, f increases linearly with dose. At a dose of
highly ordered diamond structures into amorphous structures0** ions/cnt, f becomes less sensitive and increases only
with the presence of graphiticlikeg? bonds. In the samples slightly with dose. In our calculatiote—C becomes a con-
which were initially amorphous, rearragement of the amor-ductor at much lower heating “temperatures” than diamond,
phous structure and an increase of the fractios@foonded ~ this means that in contrast ta—C, diamond needs an addi-
atoms has occurred. tional energy to break its crystal lattice and result in amor-
The experiments3® show that the resistivity, both in dia- Phization upon cooling.
mond and in amorphous carbon networks, decreases with ion The conductivity in our amorphous carbon samples de-
dose. In diamond there exists a critical damage derizjty duced from the shrinkage of the band gap increases with
below which the diamond is restored to this pristine structurd®ercentage aép’ bonded atoms in the damaged region. This
after annealing” At D=D, a sharp drop in resistivity is ob- trend is in accord with experimental observations. It should
served and at higher doses graphitic conduction is measurd¥® noted that the conductivities of tlee-C layers are not
in the irradiated volume. Kalisht al 38 investigated the pos- Simply related to the percentage sif bonds in the sample.
sibility that the sharp drop in resistivity could be explained in Samples with similasp? fractions sometimes exhibit some-
terms of a percolation transition between conducting island¥/hat different electrical properties. The specific configura-
produced by the impinging ion, but found that tRevs D tion of thesp? bonded_carbon atoms, whether they are clus-
dependence was not sharp enough to be consistent with sutgfed or not, plays an important role in the globally measured
a simple percolation theory. By contrast, Hoffmetnal 3° in electrical conductivity. Hence, the comparison of electrical
their experiment on 1 keV Ar irradiated diamond proved thatconductivities of different samples with even identical
the amorphization is a very sudden process an®.athe sp?/sp® fractions can usually not be done directly. Given

diamond collapses to an amorphous but still highly insulatthese issues of accuracy with the band gap computations,
here, we are mainly concerned with the general trends which

“[ do follow those observed by others. An example of a specific
35 comparison is that McCullockt al3® found a band gap of

3t 2.5 eV at 85% ofkp® bonded atomsgsee Fig. 15, where this

is shown together with our resplt

0.2

DOS

o1}

-15

width of band gap, eV
N
N o
| e o |
——
i
— 3t

15 VI. SUMMARY
T I l H We have simulated a damaged region occuring in dia-
0.5 l I I mond and in diamondlike amorphous carbon by local heating
OH [ H of a slab in the sample. The slab is of thickness comparable
05 to that created by the “thermal spike” due to the passage of
B0 55 60 6 70 75 8 8 90

an energetic ion, followed by quenching back to low tem-
perature. The “temperature” of the heating varied from
FIG. 15. The width of the band gap as a function of the percent--2 t0 2.59 eV/atom(14 000—30 000 K These are tem-
age ofsp® bonded atoms. The error bars represent an unaccuracy igeratures expected to prevail for very short times within the
visual determination of the band gap from DOS. The six-pointedthermal spike, as deduced from the kinetic energies imparted
star represent the result of McCulloeh al. for comparison. to the lattice of the stopping material during the slowing

percent of sp3 bonded atoms
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down of an ion. For the case of diamond we found that at donded atoms increased. It vanished when the fracti@pof
heating “temperature” higher than a characteristic temperasonded atoms reached a value of 45%. Beyond this fraction
ture T* a small region in the center of the sample remainsthe damage affected volume becomes conductive.
amorphous. The size and the structure of the amorphous re- The results obtained in this study support the experimen-
gion depends on the heating “temperature.” Its size and thg conclusions that in the damaged region formed after the
fraction of three- and two-coordinated atoms in the regiomassage of a heavy fast ion either through diamond or amor-
increase with increase of the heating “temperature.” Wherhhous carbon, amorphization and sometimes conversion of
we increased the number of the free-to-move layers, the frat‘s-pﬂ, bonds tosp? bonds occurs. Another conclusion which
tion of three- and two-coordinated atoms in the central layers,|ows from the simulations is that after passing of a faster

'trr‘lcregzssd' dTr:je (t:urve§ ct’; the dteplelndence O,Ihthf fracUoP %r heaviey ion (that corresponds to a higher temperature of
espbonded atoms In the central layers on the lemperaturg, o «peapmg) spikeJ, the damaged region is larger and more

of heating have similar shape for different sizes of the hOtspf’ bonds are transformed g2, Although the present simu-

Iay$L:>;a. same procedure was aoolied to simulate a dama lations do not exactly reproduce the conditions of the experi-
P pp 9%0ental “thermal spike,” they include its dominant character-

region in amorphous carbon samples. The central layers Gtics and qualitatively our results are in good agreement
each sample were melted at very high temperatures . experiments

(1.29-2.33 eV/atomand then cooled by keeping the outer

layers frozen. The percentage of three and twofold coordi-

_nated atoms in th_e obtained damaged re_gion vv_a;_found to ACKNOWLEDGMENTS
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