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Thermal-spike theory of sputtering: The influence of elastic waves
in a one-dimensional cylindrical spike
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The sputtering yieldY) from a thermal spike is calculated using an extended version of the standard
thermal-spike theory, which includes the transport of mass, a more realistic heat capacity, and melting. The
results show that introducing the heat of melting and using a heat capacity that accounts for the “equipartion
theorem” at low temperatures has a significant influence on the sputtering yield at low deposited energies
(dE/dX). The transport of mass within the spike becomes relevant at large deposited energies, where the
thermal pressure in the hot core of the spike gives rise to an elastic wave which expands and cools the spike,
lowering the sputtering yield.

[. INTRODUCTION tion equation and the sputtering can be readily obtained as
the flux of atoms evaporated from the hot surface. One test-
Bombardment of a solid by energetic particles may resulible outcome of this theory is that, under quite general con-
in the ejection of atoms from the surface. This phenomenonditions, the sputtering yield for a cylindrical excitation ge-
known assputtering is a consequence of the collision cas- ometry is a quadratic function of the deposited energy,
cade produced by the incoming projectile and higher generax(dE/dX)? at larged E/dX.”® Such a quadratic behavior of
tion of recoil atoms within the target. Moving atoms in the Y was in fact observed in many experiments, and it appeared
cascade may eventually reach the surface and, provided thtat be so firmly established that a larger-than-linear sputtering
the kinetic energy is large enough to overcome the attractivgield often is sufficient to conclude that a thermal spike oc-
potential of the solid, they may escape from the solid ancturred.
become sputtered. Depending on whether the density of Recent molecular dynamid$/D) studie$® (see Fig. 3,
moving atoms is either low or high, two distinct scenariosbelow) suggest that even under conditions for which spike
occur. When the density of moving atoms is small so that théheories predict a quadratic dependence, the sputtering yield
probability of collision between two moving atoms is negli- is much closer to a linear function dfe/dX. These striking
gible, the sputtering is said to bmear. A consequence of results were quite unexpected. Since the MD simulations in
such a linearity is that the sputtering yieM)( i.e., the num- those papers give the most complete realization of a thermal
ber of ejecta per incoming particle, is a linear function of thespike one can have, the question arises: What is wrong
energy deposited at the surfaakE/dX). This is defined as with the standard thermal-spike thed§TST) of sputtering?
the mean kinetic energy left by the incoming particle per unit  Looking at the results of MD simulations, one can see the
thickness at the surface. This linear regime is fairly welltarget being disrupted during energy relaxatisee Fig. 1
understood, as evidenced by the good agreement found bActually, most atoms within the core of the spike are seen to
tween theoretical models and a considerable amount of exnove away from it, leaving a “hole” behind and compress-
perimental dat&:? ing the surrounding material to fairly high densities. In order
When the probability of collisions between moving atomsto assess the importance that these expansions and compres-
is non-negligible the sputtering process becomeslinear  sions of the target may have for the sputtering process, a
and several problems arise. As one enters the realm of notkhermal spike that includes the transport of mass is evaluated
linear energy transport processes, the mechanisms leadinghere. To this end, the classical hydrodynamics equations are
sputtering become less obvious and, consequently, less amsslved. Therefore, apart from temperature, two more vari-
nable to theoretical treatment. In spite of that, several nonables must be added to the problem—namely, the density
linear models have been proposedmong them, and per- and the velocity of the fluid.
haps due to its conceptual simplicity as well as its To directly compare standard thermal-spike models, a cy-
mathematical tractability, the thermal-spike theory is the aplindrical spike taking place within an infinite target is evalu-
proach most often used in this regithé. The spike theory ated, for which the hydrodynamics equations—instead of the
assumes that the moving atoms in the target achieve, quickljneat conduction alone—are used to obtain the temperature
a state of local thermal equilibrium. Therefore, if the densityprofile along the radial direction. Finally, as in the STST, the
is assumed to remain constant, the local temperature sufficsputtering yield is obtained as the evaporation of atoms from
to determine the thermodynamical state of the system. Than ideal plane representing the surface. A similar study was
deposited energy then relaxes according to the heat condutecently performed by Martynenko and Umanskyn that
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FIG. 1. Snapshots of a molecular dynamics calculation for a

Eexc= (dE/dX)/ (71 2,No),

frozen Ar target after depositing 5.85 eV/A within a cylindrical whereNg is the atomic number density of the target at room
region of radius &. From top to bottom: 0.59, 2.72, 5.39, and temperaturgsee Table)l and pressure, and the initial tem-
7.23 ps after excitation. Only a small fraction of the sample isperature of the cylindefT .., is defined as

shown.

paper the effects of elastic waves on a thermal spike were
investigated. It was shown that the amount of energy avail-

TEXC
Eexc= fo Cy(T)dT, Y

able for atomic displacements could be as low as 50% of that/hereCy is the heat capacity per atom at constant volume.
initially deposited by the ion. However, the consequences At this point this analysis departs from the standard model
of this upon the sputtering yield were left unexplored. Cal-?‘”d as_sumes_that the target constitutes a cla§S|caI, compress-
culations of the sputtering yield from temporarily com- ible fIU|d_ that is complet_ely characterl_zed by its temperature
pressed materials were published, but the approximationk: atomic number densitil and velocityv. Therefore, as-
used were crude. Unless a more rigorous theoretical analysf/Ming that the cylindrical spike takes place within an infi-

confirms their range of validity, one cannot rely on suchnite solid, T, N-andv depend only on the radial coordinate
predictionst2~14 and change with time according to the hydrodynamics

Comparisons of the present results with experiments arédua

purposely omitted here. Instead, previous MD results in Ref.
10 will be used as the correct outcome of a full calculation.
Such a comparison is valid as, in the MD simulations of the
energy transport, the participating mechanisms are all
known. This is not generally the case for a real target, thus
making a comparison between present theory and experi-
ments much more complicated and less clear. Nevertheless,
MD simulations differ from calculations in this paper in sev-
eral aspects. For example, MD uses a crystalline target
whereas, here, one deals with an isotropic, continuous me-
dium. Similarly, MD assumes an initial 8’ energy distri-
bution in contrast with the Maxwellian used in present cal-
culations. In spite of this, the comparison with previous MD

tion&?
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N

simulations appears adequate for including the transport offhereM is the atomic mass of the targét,is the pressure,
mass in a sputtering calculation. Although calculations inand K¢ is the thermal conductivity. Similarlyg,v.;s and
this paper can be readily extended to other systems, all thos§Q,;s stand for the rate of velocity and heat change due to
parameters whose values are not explicitly indicated correviscosity, respectively.
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Viscosity terms were added for numerical rather than

physical reasons. In fact, at the time of solving the hydrody- 1000
namics equations, numerical integration schemes are nor-
mally unstableand tend to amplify high-frequency spatial 800 - 4
oscillations to the point of becoming useless after a few time
steps. Since viscosity does exactly the opposite, it brings
stability to the numerical scheme and makes it more robust 600 |- 1
in the sense that both larger spatial grids and time steps can
be used for same accuracy. For such reasons the following & 400l 4
formulas are introduced: 3
g
n [0 [dw\? v 3 200 .
5rvvis—M—2N 25 2 5 o
8 ot .
and 2
aw\% [dv\? © -200 + 4
6:Quis= 7 (E +<E) ) (6)
where 7 is the so-called dynamics viscosity coefficient. -400 - T
In STST the heat capacity is assumed to be a powdr, of
i.e., Cy=CoT™" where m is often set to 0 andC, SO0
=(3/2)kg, so thatC, becomes identical to that of an ideal 00 02 04 06 08 10 12

gas, i.e..C{%®¥=(3/2)kg, wherekg is Boltzmann's coeffi-
cient. In a real solid, however, the equipartition of energy
states that for temperatures not much greater than that of FiG. 2. Crystal pressure as a function of relative number density
melting (T;) one should hav€,~2C{%  Therefore, here N/N,: cf. Eq. (12).

it is assumed that

NN

0

3k, T=T,. Pc=(NoMacH/ i) (N/Ng) T(N/Ng)#~1], (1)
(3/2kg T>T;. ™ wherecy is the speed of sound at=0K, andu and v are
two numerical constants. These are not independent, since
In addition, the heat of melting is introduced by addingthe following equation must hold:
the heat of fusion wheil passes through the temperature of

Cu(M)=

fusion T;, that is, 1 (NiNo Pc(X)
UPOt(N):N_f Z (12
Cu(T)—Cy+Qud10 if |[T-T{|<5 K, 070

whereQy, is the heat of fusiomer atom where Uy is the ‘mean potgntial energy per atom
The heat conduction coefficient is replaced by that in Ref[Upo(No) =Uo, Uo being the binding energy at normal den-

18: sity]. Moreover, v>1; otherwise, the integral in Eq12)

diverges. In this papep=2 and sov=+1+ Mzcozluo.
25 kg kgT Slight variations in the value gk did not change the results

T:3_20._0 7T_M2 8 sign_ificantly._ _

Figure 2 illustrates the crystal pressure in Efjl) as a
whereo,=1.151 A% is the scattering cross section. Although function of N/N,. Note thatP. becomes exceedingly large
using Eq.(8) may not be entirely correct at solid density, it for densities larger than normal and turns negative Nor
suffices for present calculations since, as is shown in Ref. 8<N,, whereasP. approaches zero continuously ss- 0.
the quadratic dependence of the sputtering yield did not apThis negative pressure accounts for the attractive force be-
pear to be sensitive to the approximation used fagr. K tween the atoms that keeps matter at normal density.

The pressure is assumed to be a function of both tempera- Since P+ is responsible for coupling temperature with
ture and density. Here the approximation used in Ref. 19 ipressure, by setting=0 the whole problem reduces to the

adopted, according to whidR is split into two terms STST. This fact will be used as a mean of going from the
more complete hydrodynamics model back to the STST. It
P=Ps+Pc, (9 must be clearly stated, however, that the expressions above

constitute convenient approximations to the pressure func-
tion in Eqgs.(3) and(4) and that no accuracy regarding them
and the Lennard-Jones target in the MD simulations is
Pr=ANkgT, (10 ~ claimed. - |
By introducing these expressions into the hydrodynamics
\ being a numerical constant. Arfel. can be approximated equations, the initial value problem for a cylindrical spike
as® with an initial temperaturd ., can be solved, i.e.,

where P is the so-called thermal pressure aRd is the
crystal pressure. The former can be writteR’as
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exc 0 C\,=C{}eab and several values of the thermal pressure coeffidient

. ) . . . [cf. Eq.(10)]. Solid squares: sputtering yields using Eds}) and
FIG. 3. Sputtering yield as a function of deposited energy. SOII0{15) and the temperature profile obtained from MD results for a

symbols: molecular dynamics simulations for a sample with freetar et with periodic boundary conditions alond the spike axis
surface(Ref. 10 and for a sample with PBCZRef. 24. Present g P y 9 P '

calculations appear as lines. In the three case® and Cy
=C ™ and no melting(solid line), Cy=C{*® and no melting lead to smallefl,, compared to that one would obtain using

(dashed ling andCy=C{** with melting (dot-dashed ling cldeal. cf Eq.(1). Although discrepancies are still present
in an absolute sense, the use of K@) leads to a better
Texe T<Tgy agreement between the shape of e E/dX) calculated
T(0r)= [ 0 otherwise (13 here and that of MD calculations at low deposited energies.

. At large dE/dX, however, the present results overestimate
together withy(0,r) =0 andN(0,r) =No. .. the MD yields and, more importantly, they still exhibit a
Finally, onceT(t,r) is obtained, the sputtering yield is nearly quadratic dependence.
calculated as As soon as one makes>0, the whole process looks
o different and the yield also deviates from that of STST. This
Y=27rj dtJ rdr d(t,r), (14)  can be seen in Fig. 4 where the sputtering yields obtained
0 0 using the hydrodynamics equatiof®3, (3), and(4) are plot-
ted. Although the sputtering yields so obtained appear to be
smaller than those obtained using MD, it increases with de-
N T T _ posited energy in a manner more similar to the simulations.
Pt =NvkgT/2rM exp(—Us/ksT), (15 That is, asE,./Uo becomes larger than approximately 1v5,
whereU = %Upot(N) is the binding energy of an atom in the bends over, thus becoming a less-than-quadratic function of
surfacet’ dE/dX. This signifies that the transport of mass is in fact
taking energy away from the spike, thus reducing the sput-
Il. RESULTS AND DISCUSSION tering yield. ,
A better comparison between calculations in this paper
To assess the importance of melting and the more realistignd MD, however, would require MD to have a infinite tar-
heat capacity in Eq.7), the sputtering yield is first calculated get as well. To this end the MD code was run using periodic
assuming there is no melting and equatidg to that of an  houndary conditions along the spike a®BC2). For PBCZ
ideal gas, i.e.Cy=C{%*®=2k,. SecondCy is replaced by there is no surface, so there is no ejection as well. Therefore,
that in Eq.(7) with and without melting, respectively. In all the sputtering yields are obtained following the same ap-
these cases, howevarwas set to 0, so that mass transport isproach as in the hydrodynamics calculations here. That is,
suppressed. The results are plotted in Fig. 3 where it can biae temperature profiles obtained with MD using PBCZ are
readily seen that the sputtering yields obtained using(Bg. replaced in Egs(14) and(15), and thus the sputtering yields
are smaller than those obtained by ignoring melting and usfor an “infinite” target are obtained. These resdftappear
ing the heat capacity of an ideal gas. Furthermore, the difin Fig. 4 as solid squares and are labeled as “no-surface.”
ference increases as the deposited energy gets smaller. Tiiis one can readily see, MD with PBCZ and the present
is somewhat obvious sinc€, in Eq. (7) will necessarily results, particularly those foh=4, compare remarkably

with the flux?*
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FIG. 6. Density number as a function of position and for differ-
ent times during the spike.

lack of late ejections was to some extent at odd with predic-
tions of the thermal-spike model.
The conversion of thermal to mechanical energy is best

according to STSTa) and using the hydrodynamics equatidbs

shown in Fig. 8. There, the total thermal energger unit

well. This indicates that the energy transport processes are

well described by the model calculation here. In addition, as

was discussed in Ref. 24, the difference observed between

the MD calculation with and without a surface stresses the
importance the surface has on the transport of energy and,
consequently, on the sputtering processes.

depth defined as

5

e T(r,t)
=277f0 drrN(r,t)J'0 dT C,(T) (16

thermal

Figures %a) and %b) show the temperature profile within is plotted after division by the initial deposited energy
the spike at different times for=0 and 4, respectively. As dE/dX and for values ofiE/dX ranging from 1 to 8 eV/A
one can see, the transport of mass leads to temperature p@3Id A=2. As one can readily see, the thermal energy de-

files that drop faster compared to the case of STST. Another
interesting aspect of this process is shown in Fig. 6, where
the density profile is calculated far=2, E,,./Uy= 3.3, and
t=0.5, 1, 2, and 4 ps, respectively. There is a clear indication
that a wave is propagating from the center of the spike and a
net, outwardly transport of mass is produced, giving rise to a
“hole” or an emptied region around the origin. The front of
the wave moves at a velocity that is slightly greater than the
speed of sound at 0 K, i.ecq.

The occurrence of a hole and the fast cooling of the spike
are closely connected. As is known, the expansion of the hot
core is accompanied by an absorption of thermal energy and
energy is delivered to the cold surrounding material, mainly
as mechanical energycompression However, once the
conversion of thermal to mechanical energy takes place, an
elastic wave is triggered and the energy is carried away from
the spike in an efficient manner.

Another consequence of the cooling that follows the ex-
pansion of the hot core is observed in the much faster drop-
down in the ejection-time distribution. This is plotted in Fig.

7 where one can readily see that with increasirigte ejec-
tions are suppressed. This result was observed in MD simu-
lations and, occasionally, it was a cause of concern since the

dY/dt (at/psec)

30

25

20

15

10

T T T T T T T T T T T

R,=20; dE/dX=2 eV/ A

Time (ps)

FIG. 7. Ejection time distribution.
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modifying the interatomic potential, it was not clear whether
or not other material properties in the simulation might have
also been changed.

Before concluding, it is worthwhile noting that results in
this paper may shed light on the point raised in Ref. 25 after
dE/dX(eV/A) = 1 the unsuccessful attempt to simulate nonlinear sputtering for

10k | heavy ions impinging on heavy targets. In fact, in the quest
’ \’_// of simulating a thermal spike, the impact of 0.5-500 keV/

1.2 LR RS S S AR R i |

111 B

x

S ‘\ 2 amu gold clusters on a gold target were studied using a

§ 09k IS § multiple-interaction computer code. These ions-target com-
5 W T binations are proved to give rise to high-energy density col-

;g * o lision cascades and the occurrence of thermal spikes is jus-

% 08F % M- ] tifiably expected. The results of such simulations, however,

B showed that the sputtering yield was a nearly linear function
___________________________ of the deposited energy, in a clear contradiction to the qua-
07} T 8 4 dratic dependence predicted by STST. According to the
present results, the reason for such a discrepancy may be
attributed to the fact that STST ignores the elastic waves that

oplb— v take place during an earlier stage of the collision cascade
0 1 2 3 4 J which lowers the temperature of the spike and, consequently,
Time (ps) reduces the amount of energy available for sputtering.

FIG. 8. Total thermal energy in the spike as a function of time:

cf. Eq.(16).
IV. CONCLUSIONS

creases with time very rapidly. And the fraction of the initial  The standard thermal-spike model has been extended to
energy that goes into mechanical energy increases with irinclude melting, a more realistic heat capacity, and the trans-
creasing the deposited energy. At approximately 1 ps th@ort of mass within the spike. To this end the fluid dynamics
thermal energy appears to reach its minimum and slowlequations are solved for an infinite cylindrical spike of radius
recovers from then on. This is not significant for the sputter2¢, o being the Lennard-Jones length, which, in the case of
ing process since, as heat has spread over a large volume, the s ¢=3.405A. It is found thata) at low deposited en-
temperature remains well below the level required to proergies both melting and the use of a more realistic heat ca-
duce further ejections. pacity lead to a lower sputtering yieldp) the transport of
The low yield obtained in this paper, as compared to theyass has a significant impact on the transport of energy
full MD, may be attributed to the fact that the flux of Sput- yithin the spike, which becomes noticeable at large depos-
tered particles is not well described by E@5). This equa- o4 energies: andc) the transport of mass gives rise to an

tion describes an undisturbed solid surface with only a Smalélastic wave that propagates at approximately the speed of

fraction of atoms having enough kinetic energy to overcomesound’ carrying energy away from the hot core of the spike.

the potential barrier in the surface and escaping. In an oveaZ—BhiS selastic wave” cannot be disregarded in spike calcula-

heated surface, where nearly all atoms are capable of esc d y cantly. it that th | soik
ing to vacuum, the assumptions leading to Etp) do not lons and, mostimportantly, it seéems that thermal Spikes may

hold2? In fact, according to recent calculations in a forth- not be necessarily linked to a quadratic behavior of the sput-

coming papé® which include the surface, it appears that thet®rNg yield measured in a number of experiments. Before
surface performs a nearly “explosive” expansion and thefinalizing these conclusions, this calculation will be extended
drift velocities may reach values several times larger tha® @ two-dimensional spike that contains a solid/vacuum in-
that assumed in obtaining the evaporation expression in Ederface. In the same manner that pressure expands matter
(15). outward in the radial direction, it will also push matter along

The relevance that the paramelkehas on our calculation the track and into the vacuum. In that case, the expansion
of sputtering is obtained from Eq&L0) and(9), and one has Wil interfere with the process of ejection.

1 [dP
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