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Laser ablation from a binary target into a diluted gas background is studied by means of a Monte
Carlo simulation. The influence of the ambient gas on the spatial and mean energy distribution of
particles deposited at the distant detector is considered. Thermalization of the particles, the random
scattering effect and the backscattering of particles were observed. Considerable modification of the
deposited film thickness profiles due to collisions of the ablated particles with the ambient gas is
shown. The increase of the ambient gas pressure was found to affect the stoichiometry distribution
of deposited and backscattered particles. The study is of a particular interest for the development of
the thin film growing technique known as pulsed laser deposition. © 1997 American Institute of
Physics. @S0021-8979~97!04617-3#

I. INTRODUCTION

Pulsed laser deposition ~PLD!1,2 for growing thin films is
one laser application that has progressed rapidly over past
few years. Interest in this field was brought about by the
success of in situ growth of high-temperature superconducting films.3 Numerous experiments were carried out and rich
scientific information of the ablation process was obtained.
Of particular interest was the influence of various laser parameters, system geometry, target material and ambient gas
on the film thickness profile and film stoichiometry. Experimental and theoretical studies4–17 show the formation of a
forward-peaked angular distribution of the ablated particles.
In vacuum, collisions of the plume particles among themselves were found9–17 to determine the plume angular distribution. The effects of the background gas on the deposition
process were considered in a number of papers. The experimental results on ablation in the presence of ambient
gas8,18–20 revealed the dependence of the deposition rate on
the ambient gas parameters. The comparison between the
results obtained for the deposition in inert and reactive atmospheres ensured that part of these effects is not chemical in
nature.8
In the presence of ambient gas, additional plume particle
collisions with the background gas must be considered.21
Previous investigations show that the effect of background
gas depends on the pressure regime and on the laser parameters used in PLD. For an accurate description of this effect
one must distinguish between two cases. In the first case the
density of the ablated particles is so high that the plume can
be described in terms of a continues medium. As a rule, the
a!
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ambient gas pressures of a few hundreds of mTorr are used
in these experiments. For this regime shock wave
models22–24 are found to describe the interaction well. Fast
photographic techniques were used to study the process and
forward focusing of the plume was often observed. When the
density and the energy of the ablated particles are not very
high, plume-background gas interaction can be considered as
the scattering of a molecular beam by the particles of the
background gas. For very low ambient gas pressure ~P<0.66
Pa!, attenuation of a molecular beam by elastic collisions
was observed.25 The higher gas pressure ~up to 200 mTorr
526.4 Pa! regime is of a particular interest because it is
frequently used in PLD. Under these conditions, the influence of the ambient gas on the film thickness profile has not
been theoretically investigated sufficiently and these effects
are not yet clear. For instance, several papers report broadening of the angular distribution of the ablated particles as a
result of scattering processes in the background gas,8,19,26–28
while the focusing effect was observed by other
authors.21,29,30 The increase of the backscattering of particles
is also an important effect of ambient gas that can influence
the deposition process. In fact, collisions of the ablated particles with the background gas result in a decrease of the
number of the ablated particles arriving at the substrate. If
the pressure of the ambient gas is sufficiently high, the backscattered flow can even exceed the flow of particles reaching
the substrate. This process significantly influences the composition of the deposited material and the state of the irradiated surface. The uniformity of the film stoichiometry, which
is critical for a number of materials, can be also affected by
the ambient gas.
To investigate these phenomena we carried out a threedimensional Monte Carlo31 ~MC! simulation. We considered
the laser ablation from a binary target into a diluted ambient
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dense on the irradiated surface, and the motion of each of the
particles leaving V 0 in the outward direction is simulated like
a random trajectory in the ambient gas using the MCRT
algorithm described below. The trajectory is modeled independently until the particle reaches the distant substrate or
until it is redeposited on the irradiated surface. In the present
modeling, we neglected the difference in the sticking probability for species with different masses and assumed the unit
incorporation probability at the substrate and at the target
~for backscattered particles! for both species.
It should be noted that the approach described above is
justified if
~i!
FIG. 1. Illustration of the geometry problem. Inside V 0 the flow is modeled
using the DSMC method; outside V 0 the random trajectories in the ambient
gas are simulated by the RTMC algorithm.

gas ~pressure up to 100 mTorr! when the desorption flux is
not very high ~a few monolayers per laser pulse!. We used a
three-dimensional algorithm that combines both the direct
simulation Monte Carlo ~DSMC! technique11–17,32 ~to simulate the formation of the gas cloud and its initial expansion!
and the Monte Carlo simulation of the random trajectories
~MCRT! of the ablated particles in the ambient gas.21,33,34
This approach allowed us to simulate both the collisions
among the ablated particles and interactions of the ablated
particles with the background gas particles. The influence of
these collisions on the spatial distribution of film thickness,
mean energy and stoichiometrical ratio of the particles deposited at the distant substrate and scattered back to the irradiated surface was considered.
II. SIMULATION
A. Combined ‘‘direct simulation-random trajectories
simulation’’ Monte Carlo method

We assume that the process of laser ablation in the diluted ambient gas consists of two parts:
~i!

~ii!

desorption and initial expansion when collisions of
the ablated particles among themselves are significant
and the influence of the ambient gas can be disregarded;
the expansion of the gas cloud in the ambient gas
when collisions of the ablated particles among themselves can be disregarded.

Based on these assumptions, we performed the Monte
Carlo simulation using two different techniques. The desorption and initial expansion were modeled by a DSMC algorithm. In this method, the motion of a number of test particles is simulated and the gas flow evolves in time.
Simulation of the initial stage of the process is performed in
the finite volume V 0 of the physical space ~see Fig.1!. The
calculations start when the volume is empty and the particles
desorb from the surface. Above the surface the particles can
collide, and a gas cloud moves away from the surface. At the
border of the volume V 0 we set the following boundary conditions: the backscattered particles are assumed to reconJ. Appl. Phys., Vol. 82, No. 7, 1 October 1997

~ii!

the mean free path in the background gas is longer
than a cloud dimension at the end of the first expansion process;
beyond the volume V 0 collisions of the ablated particles among themselves can be disregarded.

It can be shown21 that for typical ablation experiments
these assumptions are valid if the linear dimensions of V 0 are
in the range L 0<R 0<l f , where L 0 is the distance beyond
which collisions among the ablated particles can be disregarded and l f is the mean free path of the ablated particles in
the ambient gas. Taking the temperature of the ambient gas
to be T5300 K and R 0;1.5 mm yields the upper limit for a
background pressure of about 100 Pa 5 760 mTorr.
B. Initial expansion (DSMC method)

We suppose that particles desorb from a circular area
( p r 20 ) of a plane target during a laser pulse time t . The
target material is composed of two species with the masses
m 1 and m 2 (m 1,m 2 ). The initial velocity distribution is the
Maxwell-Bolzmann distribution with the same temperature
T 0 for both species. The collisions between the ablated particles ~a-a collisions! are simulated using hard-sphere collision dynamics with the identical ~for simplicity! collision
cross sections S aa for both species. We assume that the number of monolayers desorbed during one laser pulse is

u 5F•S s • t ,

~1!

where S s 5S aa /4 is the area atom occupies at the surface,
F5(n 1V 11n 2 V 2 )/2 is the total desorption flux, V i is the
thermal velocity of the component i, and n i is the density of
the desorbed gas immediately in front of the surface ~we
assume n 15n 2 ). The factor of 2 is included in the denominator of the expression for F since the desorbed current has
a cosine distribution. To determine the radius of the evaporated area we use the parameter
b5

r0
,
V 1t

~2!

where V 1t is the length of the light particle cloud at the end
of the laser pulse.
For calculation of the formation and initial expansion of
the ablated plume we used the DSMC method based on
Bird’s algorithm.32 We set b55 and u 5 3 in all the calculations presented here. It can be shown16,17 that for these
parameters collisions among the ablated particles can be disItina, Marine, and Autric
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regarded beyond the distance L 0;50 V 1t . Taking V T
5 103 m/s and t 5331028 gives L 0;1.5 mm. The simulation was performed in the hemispherical volume with the
radius R 0550 V 1t and cylindrical symmetry was assumed.
Bird’s algorithm was improved by the last-collision technique proposed by NoorBatcha et al.11 The computer’s code
was tested by comparing the results of the version for the
ablation in vacuum with the results of similar calculations by
Urbassek and Sibold.16 Setting u 5 3.6, b55, m 1 :m 25 1:5
and the ambient gas pressure P 5 0.01 mTorr, a very reasonable agreement with the results of Ref. 16 was obtained.
The angular characteristics of the flow were reproduced to
within 5% ~we do not present these curves here!.
C. Expansion in the ambient gas (MCRT method)

As soon as a particle leaves the volume V 0 its motion is
simulated as a random trajectory in the ambient gas ~mass
m 3). The collisions between the ablated particles and the
background gas particles are assumed to be a random process
described by a Poisson distribution. A free flight path l between two collisions of the ablated particle with the background particles ~a-b collisions! is simulated as
l52L•ln~ R 1! ,

~3!

where R 1 is a random number uniformly distribute between 0
and 1, and L is assumed to be
L5

1
PS ab

A

EkT
.
2p

~4!

Here E is the kinetic energy of the ablated particle before the
collision, T is the temperature of the ambient gas, k is Bolzmann’s constant, P is the pressure of the ambient gas, and
S ab is the ablated particle-background particle collision
cross section. The a-b collisions are also calculated using
the model of hard spheres. The background particles are supposed to be at rest in the laboratory reference frame before
the collision. The post-collision motion of the background
gas is ignored. If the energy of the ablated particle drops
below the mean energy of the background particles E amb at
temperature T, the particle is supposed to be thermalized34
and its energy is no longer modified. The trajectory of each
particle is simulated until it crosses the plane parallel to the
target at a distance L or it is redeposited on the target.
We note that the assumption that the background particle
is at rest before the collision results in an error in energy
transfer of the order of E amb . The motion of the background
gas can be ignored if the gas pressure is not high ~below 200
mTorr!. In other cases the sufficient fraction of the background particles undergoes collisions21 that result in the collective motion of the background gas toward the substrate
and even in the traveling of shock waves22–24 in front of the
ablation plume.
III. RESULTS AND DISCUSSION

We present the results of simulation with the parameters
that are typical for pulsed laser desorption for laser fluences
close to the ablation threshold. We set t 5331028 sec, and
3538
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FIG. 2. Mean energy E(x) of light ~a! and heavy ~b! particles deposited at
a plane substrate as a function of radial distance from the center of the
substrate. The distributions were normalized by E 052kT 0 , where T 0 is the
temperature of the surface.

T 052901.25 K. The masses of the ablated particles were
assumed to be in the ratio of m 2 :m 152:1, where m 1563.54
amu ~Cu atoms!. The ambient gas was supposed to be Ar
(m 3 :m 150.63! with the temperature T 5 273 K. For simplicity, we used the identical cross section S ab
525.1 Å2 of a collision with the particle of the ambient gas
for both species. We set the target-substrate distance to L
55 cm in all the calculations. The ambient gas pressure P
was varied in the range 0.01 mTorr ~‘‘vacuum’’!–100
mTorr. We note that the results will be the same within statistical fluctuations when the product P3L of the filling gas
pressure and the target-substrate separation is kept
constant.30,35 Thus, results for other values of L can be found
by rescaling the ambient gas pressure. We used the total
number of 106 particles and repeated it five times to gain
enough statistics. For all the simulation results, the 95% confidence error bars are smaller than the size of the symbols.
Fig. 2 shows the distribution of the mean kinetic energy
E(x) of particles deposited at the plane substrate as a function of the radial distance from the center of the substrate.
We note that in vacuum ~P50.01 mTorr! heavy particles are
more energetic than light particles and their distribution of
mean energy is more focused toward the center. With an
increase of the background pressure the mean energies of
Itina, Marine, and Autric

FIG. 4. The deposition rate D( P) of heavy and light particles as a function
of the ambient gas pressure. It was calculated as the number of particles
H(x 5 0) deposited at the center of the plane substrate per one laser pulse
per unit area. The distributions were normalized by H 05N tot /( p L 2), where
N tot is the total number of the ablated particles and L is the target-substrate
distance.

FIG. 3. Spatial distributions H(x) of the number of particles deposited per
unit area at the plane substrate, where x is a radial distance from the center
of the substrate. The distribution of ~a! light particles for different values of
the ambient gas pressure; ~b! the same for heavy particles. All distributions
were normalized by H 05N tot /( p L 2), were N tot is the total number of the
ablated particles and L is the target-substrate distance.

both species diminish and the distributions become less focused toward the center. This effect is more pronounced for
light particles than for heavy particles.
Fig. 3 displays the deposition profiles H(x) of particles
arriving at the plane substrate. These profiles represent the
relative number of particles deposited per unit area as a function of the radial distance from the center of the substrate.
All the curves were normalized by the same value and can be
compared. The deposition profiles of light species for different values of the ambient gas pressure are shown in Fig. 3~a!,
and the profiles of heavy particles for the same values of the
background gas pressure are displayed in Fig. 3~b!. It can be
observed that the number of both species reaching the substrate decreases with the increase of pressure. Moreover, the
distributions of both species become less peaked as the pressure increases. These effects are more pronounced for light
species than for heavy ones.
The decrease of the kinetic energy of the ablated particles can be explained by the energy lost in collisions with
the background gas. Due to these collisions, the part of the
particles reaching the substrate is thermalized. When the
pressure increases, the fraction of the thermalized particles
increases. The decline of energy is more pronounced for
light particles since they loose energy more efficiently in a
J. Appl. Phys., Vol. 82, No. 7, 1 October 1997

collision. Thus, a smaller background pressure is required for
thermalization of light components. Since the trajectories of
thermalized particles can be considered as a random walk in
ambient gas, after a sufficient number of collisions the particles are scattered randomly from their initial trajectories.
The random scattering results in the dispersion of the angular
distribution of the mean energy. When the pressure is sufficiently high ( P;100 mTorr! most of both species are thermalized and both mean energy distributions become almost
uniform. Collisions of the plume particles with the particles
of the background gas perturb the initial angular distributions
that were formed after the first stage of the expansion process. As a result of the random scattering processes, the angular distributions of particles become broadened from the
surface normal. Moreover, a substantial fraction of particles
is scattered back and is recondensed on the irradiated surface. The backscattering process results in a decrease of the
number of the particles arriving at the substrate and the
deposition profiles become thinner. We note that the broadening effects induced by collisions might be expected to begin appearing when the mean free path of an ablated particle
in the filling gas starts to become less than the targetsubstrate distance.29 Taking the mean free path l 0
;( A2•nS ab ) 21 and L55 cm gives the pressure P;2
mTorr required for the appearance of the dispersive effect of
collisions. At higher ambient gas pressures the condition
l 0 /L,1 is well fulfilled ~for example at P5100 mTorr we
have l 0 /L;0.02). Thus, under the conditions used in
present modeling, the propagation of the ablated plume into
a diluted gas can be considered as a diffusion-like process.
Hence, one can expect the density of the ablated flux to
diminish exponentially as a function of distance and the
amount of material reaching the substrate to decrease when
pressure is increased.
Fig. 4 shows the effect of the increase in the background
gas pressure on the deposition rate D( P) for both species.
One can see that the deposition rate decreases with the pressure. At low pressures the deposition rate of light particles
decreases more rapidly than that of heavy particles, whereas
Itina, Marine, and Autric
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FIG. 5. The ratio R D ( P) of the deposition rate of light species to that of
heavy species as a function of the ambient gas pressure. Here, R D represents
the ratio of the number of light species deposited at the center of the plane
substrate per unit area to that of heavy species.

at higher pressures the decline is more rapid for heavy particles. In addition, one can see that the difference between
D( P) for light and heavy particles increases at low pressures
~P,20 mTorr! and diminishes at higher pressures ~20 mTorr
, P,100 mTorr!. These effects can be clearly observed in
Fig. 5 that illustrates the ratio R D ( P) of the deposition rate
of light species to the one of heavy species as a function of
background gas pressure. These results can be explained by
the difference between the gas pressures required for thermalization of heavy and light particles. It is obvious that the
thermalization of light particles occurs at lower pressure.
Thus, there is a pressure range when most of the light particles are already thermalized but the thermalization of heavy
species continues.
The distributions of the stoichiometrical ratio R S (x) of
the particles deposited at a plane substrate for different values of background pressure are shown in Fig. 6. In this case,
R S (x) represents the ratio of the number of light species
deposited per unit substrate area to one of heavy species,

FIG. 6. The spatial distribution of the ratio R S (x) of the number of light
particles deposited at the plane substrate to that of heavy particles. Here x is
a radial distance from the center of the substrate.
3540
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where x is the radial distance from the center of the substrate. One can see that at low ambient gas pressure the ratio
R S (x) is higher than the one at higher P. The lack of light
particles at distances close to the substrate center can be also
observed at low background gas pressures. With an increase
of pressure it becomes smaller and when the gas pressure is
sufficiently high ~P5100 mTorr! the distribution R S (x) becomes almost uniform along the substrate.
The lack of light species at distances close to the substrate center at low background gas pressures can be explained by the fact that the angular distribution of heavy
species formed after the initial expansion process is more
focused toward the surface normal.16 This result can be understood if one consider collision kinematics. In a binary gas
mixture, light particles have a higher probability for largeangle scattering. In addition, heavy particles are accelerated
by light ones. This process takes place as long as there is a
region in the flow where both species are mixed. In the
present simulation this region is present in the back of the
gas cloud. The total number of light species arriving at the
substrate in vacuum is higher than the one of heavy species
due to the assumption n 15n 2 that fixes the desorption fluxes
F 1 :F 25 A2:1. The collisions with the background gas result
in the decrease of the number of deposited particles. The
effect is more pronounced for light particles. As a result of
the more intense backscattering of light particles, the stoichiometrical ratio R S (x) decreases. Since the deposition
profiles of light and heavy particles both become more uniform with the increase of pressure, the distribution of the
stoichiometrical ratio becomes more uniform when increasing the gas pressure.
As we already noted, due to both a-a and a-b collisions
the ablated particles can be scattered back toward the irradiated surface. The spatial distributions H S (x) of the backscattered particles are presented in Fig. 7, where x is the radial
distance from the center of the evaporated area. One can see
that collisions with the ambient gas lead to a significant increase in the number of particles scattered back. This increase is more pronounced for light particles @Fig. 7~a!# than
for heavy particles @Fig. 7~b!#. The peaks of both distributions at distances close to the center of the laser spot can be
attributed to the particles scattered back as a result of collisions of the ablated particles among themselves at the initial
stage of the process. Since these particles were recondensed
on the small area ~about the area of the laser spot!, the number of particles per unit area is high. Collisions of the ablated
particles with the background gas particles, on the other
hand, lead to recondensation at the large area. The number of
particles recondensed per unit area as a result of these processes is smaller than the one as a result of collisions inside
the ablated gas cloud. One can also observe that the number
of light particles scattered back as a result of collisions is
higher than the number of heavy particles. We note from the
Fig. 7 that at pressure P5100 mTorr both distributions are
almost uniform for x.r 0 . This result can again be attributed
to the gas scattering processes that disperse the initial trajectories of the ablated particles and force the particles to be
distributed in space more uniformly.
Itina, Marine, and Autric

FIG. 7. Spatial distributions H S (x) of the number of particles scattered back
and recondensed ~per unit area! at the irradiated surface. Here x is a radial
distance from the center of the evaporated area. The distributions of ~a! light
species for different values of the ambient gas pressure; ~b! the same for
heavy species. All distributions were normalized by H s0 5N tot /( p R 20 ),
where N tot is the total number of ablated particles and R 0550V T t , V T is a
thermal velocity at the temperature of the surface, and t is the time of
desorption.

The distributions of the stoichiometrical ratio R S (x) of
the particles scattered back at the surface are shown in Fig. 8.
In this case, R S (x) represents the ratio of the number of the
light species deposited per unit surface area to the one of
heavy species, where x is the radial distance from the center

of the evaporated area. One can see that at low ambient gas
pressure the distribution is not uniform; it has a minimum at
x;2r 0 and a maximum at x;8r 0 . Furthermore, one can see
that at P5100 mTorr the stoichiometrical ratio of the backscattered particles is almost uniformly distributed along the
surface. This result can be explained by the increase of the
uniformity of the distributions of both backscattered species
at high pressure.
The results obtained in the present study are in agreement with several experimental findings,8,19,26–28 where the
broadening of the angular distributions and the decrease of
the deposition rate due to the scattering processes in the ambient gas were observed. For example, Lichtenwalner et al.8
investigated the ablated flux characteristics of PZT, LCS and
MgO ceramic targets as a function of chamber pressure for
different gases ~O2 and noble gases!. They found that, at low
laser power, the deposition rate decreases and the plume
broadens as the gas pressure is increased. Narrowing of the
ablation plume was also observed by these authors, but at
high laser energies and high gas pressures. We note that the
focusing effect was found to occur when the ablated flux
density and the background gas density are near the viscous
flow level. Leuchtner et al.29 investigated deposition of platinum films in an oxygen atmosphere. They also revealed different pressure regimes. In particular, the deposition rate was
found to decrease as the O2 pressure was increased from 50
mTorr to 300 mTorr. This result was attributed to the scattering of platinum atoms in the background gas. An increase
in film uniformity when increasing the background pressure
was also experimentally observed. For example, Rouleau
et al.20 performed growth of highly doped p-ZnTe~100!
GaAs epilayers by pulsed laser ablation of a stoichiometric
ZnTe target through N2 ambient gas. They showed an increase of the uniformity of film stoichiometry when the
background gas pressure is as high as P5100 mTorr. We
note that this result is in a reasonable agreement with the
results of our simulation. In addition, the possibility of the
deposition of the compositionally uniform YBaCuO films at
the appropriate values of background pressure and targetsubstrate distance was shown by Foote et al.28 This result
was attributed to the species-dependent gas scattering processes that compensated the vacuum composition nonuniformities.
IV. CONCLUSIONS

FIG. 8. The ratio R S (x) of the number of light species recondensed on the
irradiated surface to that of heavy species as a function of radial distance
from the center of the irradiated area.
J. Appl. Phys., Vol. 82, No. 7, 1 October 1997

The process of laser ablation from the two-component
target into the diluted background gas ~P < 100 mTorr! was
studied by Monte Carlo simulation. The approach developed
in this article has allowed us to consider both the interactions
between ablated particles and ablated particles-background
gas atoms collisions. The latter were found to decrease the
kinetic energy of particles. We have observed that at sufficiently high background pressure both species become thermalized. The thermalized particles are randomly scattered
from their initial trajectories that results in more uniform
angular characteristics of the flow. This thermalization phenomenon appears at different pressures for light and heavy
particles. Our results show that an ambient gas pressure
about 50 mTorr is required for thermalization of most of the
Itina, Marine, and Autric
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light species while a somewhat higher pressure ~P;100
mTorr! is necessary to thermalize most of the high particles.
There is, therefore, a pressure regime where most of the light
particles are thermalized, while a fraction of heavy particles
retains its energy. At background gas pressures P.100
mTorr most of both species were found to reach the substrate
thermalized.
The collisions of ablated particles with ambient gas were
shown to disturb the angular distribution of particles formed
as a result of the initial expansion process. The deposition
profiles of both species were found to become broadened as
a result of collisions with background gas particles. Furthermore, the film thicknesses of both deposited components
were shown to decrease with an increase of background pressure. The deposition rate decline was connected with the
thermalization process. Due to the difference between the
pressures required for thermalization of particles with different masses, the deposition rate of light particles diminishes
significantly at smaller ambient gas pressures than those of
heavy particles. The background gas was found to influence
the stoichiometrical ratio of species with different masses.
We have ascertained that the increase of gas pressure results
in extension of the uniformity of the stoichiometry distribution along the substrate. Our results show that compositionally uniform films can be obtained at the appropriate background gas pressure when the intrinsic composition
nonuniformities are concealed due to species-dependent gas
scattering effects.
In addition, we have shown that the particles scattered
back as a result of collisions between the ablated particles
among themselves are recondensed on the surface area at
about the area of the laser spot, whereas the particles scattered back as a result of collisions with the ambient gas are
recondensed on the larger area. The increase of the background pressure was found to give rise to the more uniform
distribution of the recondensed particles and of the stoichiometrical ratio along the surface.
The results obtained are of a particular interest for an
understanding of the laser ablation process in ambient gas.
They can be useful for developing pulsed laser deposition
technology for materials with strict stoichiometry requirements.
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