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Dynamics of plume propagation and splitting during pulsed-laser ablation of Si in He and Ar
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A modeling approach for calculating the expansion of a laser-generated plasma into a background gas has
been developed. Although relatively simple in structure, the model gives excellent fits to various experimental
data for Si in background gases of He and Ar, including the previously unexplained “splitting” of the ablated
plume. The model is based on a combination of multiple-scattering and hydrodynamic approaches. It allows
the plume to be broken up into components, or scattering orders, whose particles undergo 0, tpRisions
with the background. Particles can only be transferred from one order to the next higher order by collisions.
The densities in the individual orders propagate according to the usual conservation equations to give the
overall plume expansion. When Ar is the background gas, there is a non-negligible probability that Si plume
atoms will reach the detector without undergoing any collisions. This gives rise to a flux component that is
undisplaced from that obtained when no background gas is present in addition to the delayed peak from the
scattered flux. In Ar only a few orders are necessary for convergence. The behavior in the light gas He is more
complex because of the relatively small effect of any one-scattering event and the calculations must be carried
out in some cases to as high as the 12th scattering order to find agreement with the experiments.
[S0163-18298)03827-3

[. INTRODUCTION certain extent by the pressure of the ambient gas. Also, clus-
tering of film constituents in the gas phase or on the surface
During the past decade laser ablation has emerged as ongay cause problems or may provide a method of producing
of the most versatile techniques for the deposition of thingranular material or nanoparticles that may themselves be of
films of a variety of materials? It has proved particularly technological importanci**3
useful in the deposition of thin films and superlattices of In this paper, we expand on our recent abbreviated reports
high-temperature superconductdfsThe foundations of la- on the simulation of plume dynami¢s™>and give a detailed
ser ablation lie in the much older field of laser-matter inter-theoretical description of the phenomenon of plume splitting
actions where, from its very beginning, many materials werdn background gases under conditions of interest for film
irradiated with high-power laser puls&s. Therefore, a study 9rowth. This has been made possible through the develop-
of the process has intrinsic relevance beyond the materiaf@ent of a modeling approach that describes quantitatively
applications that will be emphasized here. the behavior of a Si plume in the presence of He and Ar
For the pulsed-laser deposition of materfathe quality =~ background gases. The dynamics of the background gas dur-
of the films depends critically on the range and profile of theing the ablation process have also been extracted from the
kinetic energy and density of the laser-ablated plume. Concalculations. We will frequently refer to our approach as
sequently, the observed differences in plume dynamics whefultiple scattering but, in fact, it can also be viewed as a
the ablation occurs with and without background gases is ofombination of scattering and gas dynamical or hydrody-
crucial importance. In particular, the experimentally Namical formulations. Although by necessity many approxi-
observed?® splitting of the plume into an energetic compo- Mations must be made to arrive at a tractable approach, the
nent traveling at near vacuum speed and a component slowé@reement between theory and experiment shows that the
by the ambient gas has been difficult to understand and tgssential physics underlying the various phenomena has been
account for theoretically. This is a widely observed phenom-etained.
enon occurring during ablation of single elements such as Si After briefly reviewing the relevant experimental results
and Cu, as well as of complex compounds such a@.nd previous modeling efforts in the next section, we de-
YBa,Cu;04 and in the presence of a Variety of backgroundscribe our approach in Sec. lll and show in Sec. IV how the
gases such as Ar, Nand He>!°n all instances, the back- results coming from it provide a coherent understanding of
ground gas appears to act as a regulator of ablated p|um§<perimental results whose interpretations were previously
energetics. It is important to know the constitution and dy-duite unclear. The paper concludes in Sec. V with a brief
namical behavior of the plume of material that is ablategsummary and a few concluding remarks about applications
from the target and deposited on the substrate, and to undel@ other systems.
stand how the film-growth process can be controlled and
optimized by varying the laser parameters, the targett. EXPERIMENTAL AND THEORETICAL BACKGROUND
substrate distance, and the introduction of various ambient
gases into the deposition chamber. For example, it has been
found that the fast component of the plume may cause dam- Careful consideration was given to the choice of an ex-
age to the growing filt and that this can be controlled to a perimental system. Silicon was chosen for the target because

A. Experiment
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FIG. 1. Experimental results for ion probe measurements. Pé@edsd (b) show the fluxes at the detector located 5 cm from the target
for He and Ar background gas, respectively, at the pressures indicated.(Bast@ws the fall-off in intensity of the fast component of the
flux as a function of Ar pressure. Par{él compares the results for Ar and He at the pressures indicated to illustrate the greatly different
effects of the two gases.

it is well characterized, is readily obtained in pure singledetector ak without scattering according to the usual Beer's
crystal form, is easy to work with, and has already beeraw type behavior for hard-sphere, elastic scattering from
thoroughly studied in the laser-annealing regime of pulsefixed targets, i.el(x)=Iy,exp(—ax). Here,a is given by the
energy densitie¥ Rare gases, specifically He and Ar, were product of the scattering cross sectiorand the density of
chosen because their first ionization energies are (@%h scattering sites, i.e., the Ar density. The mean free path is
and 16 eV, respectivelyand hence background ionization is just 1. A plot of peak intensity as a function of Ar pressure
more easily avoided. The energy density of the KrF laseis given in panel (c). From these data a value of
pulses(duration time~28 ns full width at half maximumn  0.36x 10" ° cn? for o was extracted. The “atomic cross
was chosen to be 3.0 J/érim order to obtain a good supply section,” defined asw times the Bohr radius squared, is
of singly ionized Si atoms for the ion-probe detector, while0.88x 1076 cn? so the extracted value is quite reasonable;
avoiding higher ionization states. Subsequent time-resolvethis will be discussed further in Sec. Il C.
emission and absorption spectroscopic measurements veri- The results for He are less clear because the peakust 2
fied that only neutral and singly ionized Si were present inis not as obvious as in Ar, and the position of the displaced
the plume and only neutral Ar and He in the background gaspeak depends strongly on pressure. Also, since the He atoms
A detailed description of the experimental setup and operaare very light, treating them as fixed scattering centers would
tion can be found in a recent paper by Geoheane note  not be a good approximation. The contrast between the re-
here that a significant contribution of the recent experimentasults for He and Ar is emphasized in paté); the model to
work has been the development of an array of diagnostibe described here readily accounts quantitatively for this
techniques with which to study plasma formation, plumecontrast.
propagation, light emission, etc. that occur during the laser-
ablation procest

The experimental results for background gases of He and
Ar are given in Fig. 1. Panel&) and (b) show plume-flux Splitting of the plume flux itself, the origin of which is
profiles measured by the ion-probe detector at 5 cm along thessential for understanding the plume dynamics, has not been
normal from the target as a function of time for several dif-observed in continuum hydrodynamic and gas dynamic cal-
ferent pressures of the background gases, as noted. culations. In this short mean-free-path representation, it is

Let us consider the results for Ar first because the plumehe total flux that splits. In the case of a one-fluid represen-
splitting is more obvious in this case and because it alsdation where plume and background are advected with the
provides some direct insight into at least one feature of theame velocity, this is due to the plume plowing the back-
splitting. It should be noted that although the sharp, mairground ahead of it and slowing down in the procEs¥.In
peak at~2 us decreases in intensity with the Ar pressure, itsthe case of a two-fluid model with a velocity-dependent col-
position is virtually independent of pressure. In fact, a goodisional drag between plume and backgrotfifd it is due to
fit can be obtained to the intensity dependel(cg under the the plume reaching the detector first while dragging the
assumption that a certain fraction of the plume reaches thbackground along with it. A scattering model adapted from

B. Theoretical background
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Koopman and Goforthdoes yield splitting but relies on a ticles. For light carbon atoms in a heavy Ar background,
preionized layer of background gas for Coulombic ion-ionthere will be backscattering until the Ar atoms have been
collisions between the plume and background to do so. Thaccelerated to 67% of the velocity of the C plume atoms, and
validity of these models for the present work is in any casehis requires many collisions. The inclusion of backscattering
precluded by the fact that the background gas is not ionize¢h the formalism developed in Sec. Il B complicates the
and no background gas is observed at the detector using Vaﬂfnplementation and the running time of the computer pro-
ous experimental diagnostics. S _ _ grams. We found the neglect of backscattering in Si/Ar to
Splitting has been equally elusive in direct-simulation make Jittle difference for obtaining the most prominent fea-
Monte Carlo calculations of a Si plume interacting with Ar yyres of the plume-background interaction, but it is essential
background ga&* Although this approach is capable in i, c/Ar which, however, will not be considered further here.
principle of yielding splitting, as well as many other interest- Next, let us consider the more complicated case where the
ing and important results, the computational demands rapidlyo|lisions are not head-on but the background particles are
become prohibitive for times long enough for a sausfactorystationary_ It can be show(Ref. 24 that whenm,>m,,

description of plume dynamics. regardless of the impact parameter, the greatest angle
through whichm, is deflected is given by sing,/m,). Thus
lll. DEVELOPMENT OF MULTIPLE-SCATTERING for Siin He, this angle is approximately 8°.1fi,<mj, as in
MODEL the case of Si/Ar, the velocity ah, after the collision can

have any direction, depending strongly on the value of the
impact parameter.

After a head-on collision of a Si atom with a stationary
e atom, the latter will have a velocity about 75% greater
han that of the Si atom. At first sight, this suggests that

We turn now to our multiple-scattering model. Thus far,
we have dealt only with a “quasi-two-dimensional2D)
formulation. What is meant by this will become clearer as we
proceed. Also, only elastic collisions will be assumed so tha
the transfer of translational energy into internal excitation

energy is, at most, a minor perturbation on the plume dynamWhen the background gas is He it will simply be swept ahead

ics. As stated earlier, the experimental conditions are consisa-t avery rapid rate and arrive at th? dgtector We!l before the
tent with this assumption. plume ions.(If then the He were ionized, the ion probe

would detect it before the Si plumeThis would make He
very inefficient at slowing down the plume, contrary to what
is observed experimentallgee Fig. 1 The way out of this
Before proceeding further, it is useful to consider someis found by considering the effects of nonhead{&HO)
consequences of elastic collisioifsLet v, and v}, be the collisions on He-He scattering, as explained next.
velocities of plume and background particles, respectively, As we have seen, when the background gas is He, the
before the CO||iSi0n1)£) anduv|, the corresponding velocities effect of NHO Si-He collisions on the Si atoms is negligible.
after the collision, anan, andm, the masses. Assume first The He atoms, on the other hand, can be scattered up to 90°
that the collisions are head-dimpact parameter0) and from thex axis with important consequences for the momen-

A. Elastic scattering

that the velocities are in the positivedirection. Then, tum transfer. To take these effects into account in an average
way and still maintain an essentially 1D treatment, the total
v px=L[(Mp=Mp)v p+ 2Myv py ]/ (M +my) (1)  cross section was divided into five concentric rings of equal

] ) ] area, and an average impact parameter for each determined.
which yields the well-known result that ih,=m,, the par-  Gjyen the impact parameter, the scattering angle from the
ticles just exchange velocities. Next, consider the cases qfg54-0n directiorithe x direction) and hence the compo-
Si/He, Si/Ar, and C/Ar where the first element is the plumepant of the He atom’s momentum for that angle could be

and the second the background. Carrying out the calculatiopy|clated. To simplify the calculations, we then averaged

of vy, for each of these cases, we find, for Si/He, the x momentum over the impact parameters. This resulted
, , in reducing thex component of the momentum by more than
Vpx= 0.7 +0.24D ., vy >0, (2 309% relative to the head-on approximation.

for Si/Ar, Let us now consider the effects of He-He collisions them-
selves. In an exactly head-on collision of a moving He par-

Uéxz —0.174 p,+ L.17%py if v4,>0.148) ticle with a stationary one, the struck particle moves off with
the velocity of the moving particle and the latter is stopped
then véx>0, otherwisev,’,x< 0, ©) completely so that essentially nothing happens. When NHO

collisions are considered, however, it is found that both at-

and for C/Ar, oms are moving after the collision, and since theompo-

' 0.402 .+ 0.59 if >0.671,,, nent of the momentum has to be conserved, and therefore
Tpx Dpx Dox 1 vox Wx now shared by two atoms, the particle that was initially mov-
then v,,>0, otherwisev,<O0. (4)  ing is likely to be drastically slowed. This turns out to be a

very efficient mechanism for exchange of momentum be-
These results show that if the plume particles are heavietween the plume and the background. The reason that the
than the background particles, as for Siin He, then the plumbead-on approximation works as well as it does in the calcu-
particles are never scattered in the backward direction. For $ations described in Sec. IV is because the assumption is
in Ar there will be backscattering until the background par-made that the Si atoms share their momentum with all of the
ticles have attained 15% of the velocity of the plume par-background mass in a given finite difference cell.
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a) k+1 order; of course particles can only be scattered out of
Time: t = t order thek=1 order. While particles can only be transferred to the
ot (k) next higher order by a collision, the density in the individual
i o L foed-d-- > 1 orders can propagate to give the overall expansion of the
v'__’v'__j_ N 2 plume. The propagation between scattering events is deter-
s B v mined by the usual equations for conservation of mass and
N [NasEnahne 3 momentum. We specialize to 1D and write the conservation
N N 4 equations for the plume, including the scattering terms, with
: d;=2dldt and d,=dldx, as
X R 31pp(t,%,K) = — [ pp(t, X, K)vp(t, X, K) ]+ d1pp(t,x,K);
(6a)
b)
0 501, J, k1) Ipp(t.X,K)v (1, X,K) = = g, pp(t,x,K)v5(t,X,K)
!
ppl i, 0t —L e k) +alpp(t,x,K)vp(t,x,k)], (6b)
| with vg, the scattered plume velocity, determined from Eq.
t (1). The pressure terrR(t,x,k) was initially neglected but
Pl J k) then added in the manner described in Sec. Il D. Inclusion

FIG. 2. Sch ol _ f th tio| ) of the pressure term and the neglect of inelastic processes
- 2. Schematic lllustration of the multiple scattering ap- gtfactively eliminates the need to consider the energy con-

proach developed here. In par), the k indexes the number of servation equation

collisions of Si plume atoms with the background atoms. For ex- o q S .

, ; Similar equations can be written for the background but
ample, the first order gives the component that gets to the detectore have generally found it convenient not to resolve the
without being scattered, the second order component has had Ob K % . Y d
collision, etc. Panelb) illustrates the conservation of mass in a Ia.c grort]m |||’1t0| 't$ scatteég Compo?]ems S0 as .”Ot tIO _Com?
given cell at a given time. A similar diagram holds for momentum. p 'Cate,t e calcu atlons.an. Incr.eas'et .e' computatlona times;

we believe the results justify this simplification. The scatter-

As demonstrated in Sec. IV, the assumption of strictlying terms, of course, provide the mechanism for the transfer
head-on collisions gives good agreement with a large bod{’ Momentum from the plume to the background since plume
of the experimental data. Nevertheless, we have tested thrcattering from one order to the next higher one is produced
assumption by incorporating some of the above effects int@n!y by collisions with the background. That is to say,
what would otherwise be a 1D model, as discussed in Se lead-on plume-plume collisions are assumed to be relatively
IV. This is one reason why we refer to the model as quasi¥Nimportant because they have no net effect on the plume
2D. That we are able to include approximately some of thes§0mentum. , , , L
effects is due to the fact that the momentum of the ablated W& have used the simplest possible discretization scheme

plume is predominantly perpendicular to the target surface.l0 OPtain the following finite differencéD) equations from
the differential equations. For the plume,

B. Multiple scattering approach pp(i,§.K) = py(i— 1K)~ [pp(i — L1j,K)v (i — 1, k)
We break the plume up into orders that correspond to the _ . : .
number of collisions that have been made with the back- —ppi=1i=1Kvp(i=1j - 1K) Jlvm
ground gas. This is shown schematically in Figa)2 As +p3(i,j,k—1)— pS(i— 1K), (78

indicated there, the first-order plume is the component that
gets to the detector without any scattering, the second-order S N 20
plume undergoes one scattering event, the third-order plumer¥ p(1.K) = ppup(i=1j.k) =[ppup(i=1J.k)

two, and so forth. We introduce the following notation: —ppvrz,(i —1j-1K1/vm

pp(i,j,K) is the density of théth-order plume in th¢th cell

at theith time interval, p(i,j k) is the density scattered +pp(ihj,k=1)vp(i,j,k=1)

from p,(i,j,k) by collisions, andoy(i,j,k) is the density of . . . . . .

background gas. The total densjiy(i,j) in the plume can = pp(i=1j,K)vp(i =1, k) ~[Pp(i—1,k)

then be written as —Py(i—1j—1K)]/vp. (7b)

L . For convenience, the indices @ have been suppressed in

pp(i.1) Zk po(i.1.K). ® Eq. (7b). For the plume scattering term with plume-

) o N background scattering cross sectiog),, we have
A corresponding notation is used for the velocities.

As indiqated in Fig. &), at any time and. in any spatial pf;(i,j,k)=pp(i,j,k)pb(i—1,j)
cell, collisions may occur that scatter particles from the .
—1 order into thekth order and from théth order into the X[wvp(i,],K) —vp(i = 1) JoppAt. (8)



PRB 58 DYNAMICS OF PLUME PROPAGATION AND SPLITTING . . . 1537

The quantityv, is the ratio of theAx andAt FD cell sizes. ments considered here, it is not fully ionized and consists of
The bar ovew,, in Egs.(8) and(9) implies that we have not neutral and singly ionized Si ions, with the neutrals probably

generally resolved the background into scattering orders, dbe predominant species. As already mentioned, the back-
explained above. In using E@rb) to obtainv, itis usually ~ ground gas is always entirely neutral. Therefore, we have to
necessary to introduce a lower boundRg (andP;,) to en-  deal with only neutral-neutral, ion-neutral, and Si* col-

sure that the equation preserves a finite value. lisions. The last of these can be neglected for the following
The averaged background is treated in essentially theeasons. First, the expansion of the Si plume is collisionless
same manner to give in the absence of the background gas, and so Si-Si collisions
_ occur only after one of the ions has been scattered by the

po(i,])=pp(i—1.)) = [pu(i—1,))vp(i—1,))pp background gas. Second, the collision of two Si ions will

(9a) have very little effect on the transport of mass and momen-
tum of the plume itself and will have no direct effect on the
transfer of momentum from the plume to the background.
Further evidence that SiSi* collisions are of little impor-

X(I=L1j=Dup(i—1j—1)]vm,

po(i,))vp(i,j)=pui—1j)vy(i—1j)

—[pp(i—1,j)vd(i—1,))—pp(i—1,j—1) tance under our conditions is given by the fact that the plume
. . ) . expansion in vacuum is described quite well by a single-term
Xvp(i—Lj—=D)vm+Bpp—[Pp(i—1,j) half-Maxwellian or Knudsen form, as discussed in Sec.

o4 IV B. Consequently, all Si-Si collisions, regardless of the
Po(i=1i=Dlvm. (9b) charge statef) or +1) are of secondary concern.
B,y is the transfer of momentum from the plume to the back- We conclude that the scattering events of importance here

ground and is written as will be primarily those involving collisions between the
plume and the entirely neutral background. In this case, the
B. = S(i i K i) =03k mo). only d|ﬁere|jce between the scattering cross sections for Si
pb Ek ppll ] K)Lup(l.] k) —up(h] k) J(my /m) atoms and singly charged ions with the background is a weak

(100  polarization contribution that is negligible compared to the

) __ dominant nuclear-nuclear repulsion. Therefore, we can write
The use of an average velocity for the background impliegg, 5 plume orders

that in a collision the entire mass of the background gas in a
given finite diffe_rence peII WiII.be set in motion. Since this ppli.j ,k)=p3(i,j,k)+p;(i,j,k), (11)
may seem a bit inconsistent with our treatment of the plume,
we also carried out some calculations in which the back-
ground was resolved into one order that corresponds to some
particles in a cell remaining stationary and the velocities ofand carry out the calculations as though we were dealing
all others being averaged. These calculations, though some4th a neutral plume even though the ion probe detects only
what more complicated than those for the above equationshe singly charged Si ions. In other words, the kinetics of the
are fairly straightforward; the results will be discussed inpropagation and scattering processes are virtually the same
Sec. IV. for the ions and neutrals. We emphasize once again that
After some experimentation, the FD cell sizes were fixedthese approximations are valid only for the experimental
at Ax=0.05 cm andA\t=1.25x 10" 8 sec. Real time compu- conditions used here and not likely to hold when more ener-
tations on IBM RISC 6000 machines were less than a minutgetic, fully ionized plasmas are formed.
for the simple model with head-on collisions and no more There is one important aspect in which the charge state of
than a few minutes for the more elaborate NHO versionsthe Si cannot be ignored, i.e., recombination. The experi-
This makes the model ideal for real time, on-line optimiza-ments show clearly that light emission due td $ie recom-
tion and control. bination occurs throughout the plume expansion. We will not
formally include recombination in the calculations of this
C. Scattering cross section paper, but preliminary considerations and calculations, based

iah . on three-body recombination, as discussed in Ref. 14, sug-
O.ne might expect the plume-background scattering CIOS§est that it will further improve the agreement with experi-
sectionop, to be velocity-dependent, but we have not found jant.

it necessary to make it so. In fact, when a velocity depen-
dence was introduced according to more or less standard
prescriptions(see Ref. 6, for examplehe excellent agree-
ment with experiment obtained with constant cross sections Calculations without the pressure term in E(gb), (7b),
was lost. This may be because there are no ion-ion Couloméand (9b) showed that the background gas is very quickly
scattering events between plume and background with thésnowplowed” into a peak. This peak traps plume atoms
experimental conditions used, and the collisions are relaand ions, which themselves form the plume peak that is dis-
tively low in energy compared to those encountered in mosplaced to long times relative to its vacuum position. How-
plasma processes. Of course, with other experimental condever, the background peak is many times greater than that of
tions, particularly more energetic laser pulses, we might exthe plume and this suggests a way of incorporating the pres-
pect the situation to change. sure term. In the gas dynamical treatment of shock disconti-
However, this calls attention to another problem. Al- nuities in ideal, monatomic gageg®the maximum density
though a plasma is formed by the laser pulse in the experin the shock cannot exceed that far in front of the shock by

Ugb: O';bZ Tpbs (12

D. Treatment of the pressure term
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more than a factor of 4, substantially less than we calculatedt t=t,. Kelly and Dreyfud’ have discussed at length the
without the pressure term. While the processes considered so-called half-range Maxwellian and Knudsen forms given,
this paper are more complicated than this simple case, weespectively, by
were led to consider further the role of the pressure terms
and how to take them into account at least approximately.
Since the density of the plume is far less than that of the
background at the snowplowed peak, we assumed that the
latter controls the physics of the process. More specifically:'Jlnd
we assumed that the plume is in thermal equilibrium with the
background in this region and that, as in shock-wave theory,pg(vx,vy 05)=Ngexp{— m[(vx—uK)2+v§+v§]/2kTK}.
the latter is adiabatically compressed during the plume ex- (15)
pansion.
The calculation runs as follows. The initial conditions of Ts is the “surface temperature” of the Si target afid is
the background, unlike those for the plume, are known quitgg|ated to it in the manner discussed in Ref. Zis of the
well; we denote them by a su_bscribtand a superscript 0._ order of 35 eV (~4x 10° K) and T« somewhat less for the
Then, as the background gas is compressed at any later imgger pulses used in the experiments. These temperatures are
we have for an adiabatic process that far above the vaporization temperature of Si and come about
o_ 0 0_ O\ (y—1)/ because of formation of the plasnf@though the details of
Po/Py=(pp/pp)” and To/To=(pp/pp) " "7 (13 ") e kdown mechanisms are still not entirely oleihe

wherey is the ratio of specific heats,/c, (=% for an ideal ~ Preexponential factors, andNy contain normalization fac-
gay. With T, known and the assumption of thermodynamictors and a factor giving the number of atoms ablated with
equilibrium, the temperature and pressure of the plume cafiach pulse.
be determined using the equation of state for an ideal gas. |t was found that the second of these two forms generally
These results were incorporated into the conservatio@ave the better results. However, a linear combination of two
equations for both the plume and background that were thefgrms of the form of Eq(15) gave a somewhat improved fit,
used for all subsequent calculations. It was found that thénd it appears that the vacuum plume may be made up of
peaks in the densities were decreased in height and broaBvo components. Further study of this is needed, but we
ened, as had been anticipated. This resulted in significantifpund that small variations in the form of the starting
improved agreement with the widths of the experimentavacuum pulse made little difference to the calculations for
plume peaks. Moreover, the temperatures in the shock regidplume expansion in the presence of a background gas, except
were found to be well below that at which appreciable ion-for some of the lower background pressures. All of the re-
ization might be expected for either the plume or back-sults given in this paper were obtained with the Knudsen
ground. Also, the shock wave properties now fit quite wellform.

p(vx,vy v,)=Nyexd —m(vi+v’+v2)/2kTS] (14)

the results expected from classical shock theory. In order to convert the densities given by E¢ga) and
(99 into the fluxes that are observed with an ion probe de-
IV. CALCULATIONS AND RESULTS tector, it is necessary to muItipIy_ by the v_elocity sq_uared and
divide by the third power of the time, as discussed in Ref. 27.
A. Input data and parameters Here we remark that & 2 factor accounts for the fact that

As already mentioned, the bulk of the experimental dats2ny Small velocity components in tlyeandz directions will
was taken with a pulse energy of nominally 3.0 faand  Cause the plume patrticles to miss the detector, depending on
with the detector at 5 cm from the target. It was estimatedhe target-detector distance and the acceptance dimensions of

from past experience and data that approximatek/165 the detector. This is another reason why it is appropriate to

atoms and singly charged ions were ejected per pulse. AF€fer to the model as quasi-2D.

though the ratio of charged ions to neutral atoms in the

plume is not known, it is not likely to be a major concern for C. Plume expansion in a background gas

most of the calculations of plume dynamics for reasons al- ) ]

ready discussed. However, recombination does occur as the Figure 3 gives an overall comparison of the calculated
plume species move from the target to the detector, and thidnd expenmental plumg results for Si/Ar and Si/He obtained
may explain some of the discrepancies that are observed bEom the simplest version of the general model developed
tween experiment and theok/From the vacuum results, it h_ere. This is one in which only he_ad-on_ collisions are con-
can be determined that the maximum velocity of the plumesidéred and the background gas is assigned an average ve-

particles is~4x 1(f cm/sec, with the peak of the ion probe locity, as discgssed in Sec. Il B. The pressure term was in-
signal corresponding to approximately 2.5 cm/sec. cluded according to the development in Sec. Il D. Only the
scattering cross section was allowed to vary freely in going

from Ar to He while theNk in Eqg. (15) was taken approxi-
mately 10% less for He than for Ar in order to be consistent
The propagation of the plume in the absence of a backwith the experimental conditions. For Ar, the cross section
ground gas was investigated extensively. Equati@asand andNy were fixed by obtaining a reasonably good fit to the
(7b) for conservation of mass and momentum in the plumedata at 80 mTorr, after which only the Ar pressure was as-
but without the scattering terms, i.e., withy,= 0, were used signed the values at which the data were taken. The same
together with various assumptions fo?, the starting pulse procedure was followed for He by fitting the 200 mTorr data.

B. Starting pulse and vacuum results
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FIG. 3. Overall comparison of calculated and experimental results for the two background gases. This agreement is obtained by changing
only the value ofoy,;, in going from He to Ar and slightly altering the starting laser pulse to be consistent with the conditions under which
the experimental data were obtained.

Ny is ~10® cm~2 in both gases and,,=5.1x10" 8 cn?  greater slowing down of the Siions by the massive Ar atoms
in Ar and 3.0< 1016 cn? in He, which can be compared to compared to the light He atoms. In fact, had the transfer of
the “atomic cross section’(=ma2 with a, the Bohr radius momentum to the_ background not been averaged over the
of 0.88< 1016 cn2. Also, the ratioo o(Si/AT) o SifHe) scattering orders, it would have been found that at Ie_a_st afew
=1.69 is very close to[r(Si)+r(A?)]Zl[r(Si)er(He)]z He atoms actually get to the detec.tor before the Si ions, as
—1.66 wherer (Si)=1.17 A is the covalent radius of Si and Was verified by a separate calculation. That no such fast He

r(Ar)=1.91 A andr(He)=1.22 A are van der Waals radii. 2.0 : i . .

It is apparent that the calculated results give excellent a) —1
general agreement with a large quantity of experimental data. w 1.51 [} SAr 80 mTorr .
The “plume splitting” is apparent in both background gases. - [ | PO .
However, there are two noticeable discrepancies. In He, a E
minimum between the firstin time) shallow peak and the 2 1.or 1
delayed sharp peak is not resolved in the calculations. We é Total
believe this may be due to the neglect of recombinatfdn. 0.5F T
Ar, the intensity drops nearly to zero between the two peaks o0

in the calculated curves whereas it does not in the experi- I T VN TR L

mental results. This is most likely due to the assumption of Time (us)

only head-on collisions, a conclusion we will partially sub-

stantiate shortly. A more detailed comparison of the calcu-

lated and measured ion-probe signals from Fig. 3 for Si in v

He is given in Ref. 14. ls).)m s mrore | |00 ‘
The resolution of the total scattered intensity into its com- T me ¢ -

ponent parts is shown in Fig. 4 for the cases of 80 mTorr of

Ar and 175 mTorr of He. Only the firgho collisiong and

subsequent even orders are shown for He. To obtain conver-

=)

] L] L]

Flux Orders
~N

gence, it is necessary to include many more scattering orders 1

for Si/He than for Si/Ar. For the same background pressure,

each collision in He transfers only a small amount of mo- 0 / .

mentum to the background compared to the Ar case. Thus, in 0 2 4 6 8 10 12

order to get the same magnitude of splitting experimentally it Time (ps)

is necessary to go to higher pressures for the former. In this

connection, it should also be noted that the second-order FIG. 4. Resolution of the plume into scattering orders in the two
plume in Si/He is barely split off from the unscattered first- background gases for the two pressures indicated. The number of
order plume, whereas in Si/Ar the first-order plume is al-orders required for convergence is large in He so that only the first
ready well resolved. This is a direct result of the much(unscatteredand subsequent even ones are shown.
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FIG. 6. Calculated background pressure and temperature pro-
files using the approach described in Sec. Il D.

0 5

I\ s cm 1 . .
[} The plume results for 2 cm in the Si/Ar case show a small

bump near Zus. In fact, each of the plume curves has such a
bump but it is generally unresolved on the scale of the figure.
When we convert from densities to fluxes these bumps grow
into the unscattered peakis=€ 1) of Figs. 4a) and 4b). This
emphasizes the importance of the time factors discussed
above and in Ref. 27. Recall that the distributions of Egs.
(14) and(15) have to be divided by the fifth power of time to
obtain the vacuum flux. In the density calculations of this
section, one factor of i/is included automatically through
the propagation equations so that to obtain the flux we must
divide through byt*.

FIG. 5. Comparison of the densities of the plume and the back- From results such as those in Fig. 5, the velocities of both
ground in the regions of the slow peaks for several different disthe plume and background peaks as functions of time and
tances of the detector from the target for the indicated backgrounghitial background pressure can be calculated. For example,
pressures. This figure shows clearly how the two peaks build upn 60 mTorr of Ar, the velocity of the plume peak at 5 cm
with distance from the detector and how the plume peak is trappefigs been slowed by nearly an order of magnitude compared
behind or within the background peak. to its vacuum velocity of 2.5 10° cm/sec and the plume and

ions were detected experimentally is another indication th teackground peaks are moving at very nearly the same veloci-

. - - ies. The situation in 175 mTorr of He is similar in that the
Lheerebackground gas is not ionized under the conditions usegiaks of the plume and background at 5 @nd other dis-

tance$ have nearly the same velocities, but the plume veloc-
ity is only a factor of 5 less than its value in vacuum. In all
of these calculations the total densities and momenta are very
In Fig. 5, the densities of the Si plume and the back-well conserved.
ground gases as functions of time and distance from the tar- In Fig. 6, typical results for the temperature and pressure
get are shown for two typical cases. Note that the backin the background are shown. We believe that the results in
ground density as shown is roughly an order of magnitudé~ig. 5 that show the background density to be approximately
greater than the plume density. an order of magnitude greater than that of the plume in the
It can be seen, as previous calculations have indicd®, region of interest substantiates the approximations we used
that the background gas density appears to be “snowfor calculating these quantities. The plume and background
plowed” into a sharp peak by the momentum transferredemperatures are the same since thermodynamic equilibrium
from the plume, while the plume itself also piles up becausédetween the two was assumed. It will not be shown here, but
it is unable to completely penetrate the background peakthe inclusion of the pressure term in the propagation equa-
However, considerable interpenetration of the two peaksions reduced the height of the background peak by a factor
does occur so that “snowplowing” is not an entirely accu- of about 4 and broadened it accordingly. The peak position
rate description. In fact, the background gases behave someras not changed significantly. The temperature rise due to
what differently in this regard. In Si/Ar, the maximum of the the compression of the background gas is relatively modest
Ar distribution slightly precedes that of the Si peak for all compared to that required for ionization of any of the three
distances from the target, while in Si/He the converse is truegases involved, so that our initial assumptions about their
Whether or not there is a fundamental reason for this is noibnization states seem well justified, although recombination
clear at present. of Si* and electrons is expected to be importéht.

Density (10'5 cm™3)

Time (us)

D. Dynamics of the background gas
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0.25 T T Y T — 2.5 FIG. 8. lllustration of the role of NHO collisions for the case of
b) l‘| 6 s Si in 175 mTorr of He. See text for discussion of this rather com-
~ 0.20} R 420 plex figure.
E = plume 'l !
© .15} === background d1.5 been hit by a Si atom and all others which have been hit.
= ,' This latter group is assigned an average velocity. In the pre-
2 0.10 b ! di.0 vious calculations, even the He atoms that had not been hit
g |' were included in the averaging process. Now however, there
a ] N is a group of moving He atoms and a group that is still
0.05 I Jo.5 . ; . :
\ - stationary. The former may collide with the latter but this
\ ; o i .
~ e . would have no effect if the collisions were head-on since the

two would just exchange velocities. We took into account

the NHO collisions in the manner already described in Sec.

Il A. Stationary He atoms can then be set in motion by
FIG. 7. Shock front behavior for Si in 175 mTorr of He at two being hit by both Si atoms and moving He atoms.

different times. Ngte that the background density is_approximately The importance of the NHO collisions is illustrated in Fig.

an order of magnitude greater than the plume density. 8 where the time dependence at 5 cm of the He background

density at 175 mTorr is shown. Curves 1, 2, and 3, shown

We saw in Sec. Il D that for an ideal gas the maximumdashed, are for the case in which the He-He collisions are
density in the shock wave cannot exceed the density far imeglected. Curve 1 gives the stationary component, curve 2
front of the maximum by more than a factor of 4. The resultsthe moving component, and curve 3, the total density.
shown in Fig. 7 for Si in 175 mTorr of He at two different Curves 4, 5, and 6 give the corresponding results when
times illustrate that this is indeed the case for our calculaHe-He collisions are included. It is apparent that without this
tions. In none of the calculations we have checked has thiserm a large fraction of the He atoms remain stationary and
maximum ratio of four been exceeded, within the accuracythose that are hit simply run away from the rest. With the
of the calculations. Because the density of the plume is apterm, almost all of the background is set in motion and the
proximately an order of magnitude less than that of the backvelocities are such that the snowplowed peak becomes the
ground, this remains approximately true even for the commost prominent feature. If curve 6 is compared to the He
bined densities. It should be noted that the dashed curvdsackground on Fig. ), it can be seen that they resemble
show clearly how the background density is swept out of theeach other closely. In other words, by averaging the momen-
region closest to the target and piled up to form the shockum over all the background mass in a given cell in the
front. At the same time, the plume is compressed into théead-on approximation, we arrive at essentially the same re-
same region because the Si atoms are unable to penetrate thét as for the more realistic NHO calculations. Of course,
much denser background peak. changes ik ando,, must be introduced, but these are not

particularly large.
Nevertheless, the calculations do show that a few He at-

E. Effects of nonhead-on collisions oms can reach the detector before the plume particles and

All of the results given above were obtained under thethey would show up as an ion probe signal if they were
assumption that all collisions were head-on. Since the probsharged. On the whole, however, the results are so similar to
ability of truly head-on collisions is virtually zero, consider- those already given for the simple head-on model, and with
able effort was put into extending the modeling beyond thisonly minor changes in the parameters, that we will not give
approximation. Some of the results are discussed here.  figures for them here.

In Sec. lll A it was shown that Si atoms that collide with ~ Turning now to Ar, we concluded that the failure of the
stationary He atoms will be deflected through angles nsimple model to fill in the region between the fast and slow
greater than 8°, regardless of the impact parameter, so thpeaks in Fig. 3 for some of the lower Ar pressures was due to
the head-on approximation is quite good for the Si ions. Foneglect of those collisions at large impact parameters for
the He atoms it is not. To account for this, we split the Hewhich the scattering angle is smélFor strictly head-on col-
atoms into two groups, corresponding to those in a given celisions with stationary Ar atoms the Si atoms will always be
that at any time are still stationary because they have not ydiackscattered by 180°. It is only after the background has

0 1 2 3 4 5 6 7
Distance (cm)
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10 v T T T plume and background is achieved by introducing the con-
gk | | SvAr head-on only a) _ seryation equations of gas dynamips. _The previously unex-
5 %’ 50 mTorr plained phenomenon of plume splitting is seen to occur in Ar
: skl = o §0 mTorr because there is a finite probability that some of the Si target
£ | 100 mTorr atoms will reach the detector without any collisions with the
T 4r \ oooe 128 miorr heavy backgroun_d_ gas atoms, giving rise to _the fast peak.
3 ) Even single collisions are enough to significantly retard
"\ \ l plume atoms and the cumulative effect of all scattered com-
A = ponents produces the second peak. In He, the process is more
complicated because one or two collisions do not split the
, scattered component very far from the vacuum peak and sev-
10 ) S " b eral orders may partially overlap in this region. The complex
. 8[| 21 collisions ] interplay of the various scattering orders then determines
2 = 50 mTorr whether or not two peaks will be resolved, with recombina-
< SF = = 60 mTorr 4 tion possibly playing an important role in this connection.
I === 80 mTorr .
= acess 100 mTorr Part of the success of the modeling may be due to the
E o\ s 125 mTorr | choice of an experimental system for which the various ap-
3, s 150 mTorr proximations clearly apply. Therefore, questions about the
general applicability of our approach may arise. While it is
apparent that modifications may have to be made for specific

0 5 101520 25 cases, we believe that the ubiquitous nature of plume split-
Time (15) ting shows that the model captures the essential physics of
the phenomenon. For example, we have constructed a ver-
FIG. 9. Results of calculations for Si/Ar using an extension of sion of the model to deal with graphite ablated into a back-
the basic model in which NHO collisions are partially taken into ground gas of Ar. As pointed out in the subsection on elastic
account, as described in the text. These results show how the regigtattering, the large mass difference between C and Ar
between the two peaks begins to fill in as collision processes with gneans that the backscattering of the C is an important effect.
range of impact parameters are taken into account. While we are able to incorporate this into the model, it
greatly complicates the equations and the programming be-
been set in motion that forward scattering begins to occur, agause reflection of the backscattered C atoms from the target
described in Sec. Il A.To try to verify this, we modified may be an important effect. This requires further study.
the model to allow for five different impact parameters as  With the above in mind it is worth emphasizing that, in
described above for the He calculations. The results arehoosing an experimental system with which to work, the
shown in Fig. 9 where it can be seen that the region undeteraction between experiment and theory will be facilitated
discussion does indeed begin to fill in, as anticipated. Thisf the background gas is lighter than the plume gas because
particular aspect of the modeling is not crucial for under-the effects of backscattering will then be minimized.
standing the plume-splitting problem and other important as-
pects of plume and background propagation and so it has not ACKNOWLEDGMENTS
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