
APPLIED PHYSICS LETTERS VOLUME 74, NUMBER 11 15 MARCH 1999
Effect of initial plasma geometry and temperature on dynamic
plume expansion in dual-laser ablation

Pritish Mukherjee,a) Shudong Chen, and Sarath Witanachchi
Department of Physics, Laboratory for Advanced Materials Science and Technology,
University of South Florida, Tampa, Florida 33620

~Received 26 October 1998; accepted for publication 20 January 1999!

Recent experiments have revealed the capability of large-area, uniform film growth using dual-laser
ablation. The mechanism of this dynamic plume expansion is investigated in this letter. We report
the critical role played by the initial geometry and temperature of the plasma in the subsequent
expansion under dual-laser ablation. Initial plasma dimensions in the dual-laser ablation of ZnO are
quantified by gated intensified charge-coupled detector-array imaging and combined with a
hydrodynamic theoretical expansion model to yield radial thickness profiles for the deposited films.
Comparisons with ellipsometric film thickness profiles indicate that the primary factors responsible
for increased expansion of the dual-laser ablated plume are an extension of the initial plasma
dimension in the axial direction as well as enhanced plasma temperature. ©1999 American
Institute of Physics.@S0003-6951~99!03011-9#
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Ablation of targets by pulsed excimer lasers to grow th
films of a variety of materials, and the development o
basic understanding of the underlying mechanisms gov
ing this process have been active research areas for ov
decade.1–4 Recent experiments on a dual-laser ablation te
nique for the growth of large-area, particulate-free thin film
have indicated a dramatic change in the dynamic evolu
of the excimer laser ablated plume upon incorporation o
second temporally synchronized CO2 laser pulse on target
The observed increase in expansion of the laser abl
plume under dual-laser ablation was found to be critica
dependent on a suitable adjustment of the interpulse dela
the tens of nanoseconds time scale.5,6 We present, in this
letter, the mechanism that is responsible for this enhan
expansion.

It is well known that the rapid deployment of laser e
ergy into a thin layer of the target surface within the sh
excimer laser pulse duration in conventional single-laser
lation triggers an explosive evaporation. This leads to c
gruent evaporation that is considered to be one of the m
advantages of pulsed laser ablation, especially for multico
ponent film growth.7 There are two distinct phases during t
evolution of the laser ablated plume which include the g
eration of a highly collisional plasma followed by an esse
tially collisionless adiabatic plume expansion in vacuu
The first phase is initiated by the removal of a layer of m
terial by the laser pulse which, depending upon the therm
physical properties of the target material, typically rang
from submicron to tens of microns in depth. As the las
pulse heats the evaporated material, a thin layer of plasm
formed on the surface of the target. The latter part of
laser pulse is absorbed into the plasma by the inverse bre
strahlung process. While the lateral dimensions of the pla
~parallel to the target! resemble the laser spot size at t
target, the axial dimension~perpendicular to the target! de-
pends on the absorption by the plasma of the laser radia
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Typically, the hot initial plasma extends about 20–100mm
from the target surface.4 The subsequent adiabatic expansi
phase of the plasma, which follows, is governed by the pr
sure gradients across each dimension of the plasma. F
laser spot size with a large aspect ratio the transverse ex
sion profile tends to be elliptical with plasma along t
shorter dimension expanding more than in the lo
dimension.4 Since the plasma dimension in the axial dire
tion is the smallest, the plume expansion is highly forwa
directed. Expansion profiles of the form cosn u with n in the
range of 6–70 have been reported for single laser abla
plumes.8 As a result, the uniform area of film deposition
limited. In dual-laser ablation, the CO2 laser is synchronized
in time so that it is efficiently absorbed into the initial plasm
layer. The consequence of this absorption is twofold. T
inverse bremsstrahlung absorption that is enhanced at
larger CO2 laser wavelength leads to an increase in plas
temperature as well as an increase in axial plasma dimens
We present an investigation of the role of these two effe
on the mechanism of plume dynamics in dual-laser ablat

The dual-laser ablation system used in our experime
has been described in detail in a previous publication.5,6 The
KrF excimer laser was focused to a 4.532 mm2 area on a
hot-pressed high-density ZnO target in vacuum. The circu
profile of the 2.5-mm-diam CO2 laser pulse was overlappe
with the rectangular excimer laser profile at the target. T
laser energy fluence of the excimer and the CO2 lasers at the
target were 1 and 3 J/cm2, respectively. The CO2 laser by
itself did not cause any noticeable ablation. A 50 ns int
pulse delay between the onset of the CO2 laser pulse and the
excimer laser pulse, which was determined to be the o
mum delay for oxide targets in a previous experiment,6 was
used in this study. Films were deposited on silicon waf
placed 4.5 cm from the target in a 1025 Torr chamber pres-
sure. The ZnO films deposited under these conditions w
optically transparent at a substrate temperature of ab
250 °C. The thickness profiles of the single laser and du
laser ablated films along two orthogonal directions~y andz!
6 © 1999 American Institute of Physics
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp



T
th
om

he
e

he
t-

ed

co
o

ty
m
-
re
tw

e
te

as
as
l

f
se

ei
h
b

of

.

1547Appl. Phys. Lett., Vol. 74, No. 11, 15 March 1999 Mukherjee, Chen, and Witanachchi
were determined by using ellipsometric measurements.
angular variation of the normalized film thickness along
two transverse directions is presented in Fig. 1. The ge
etry of the plume propagation in the transversey-z plane and
the axialx direction is also shown as an inset in Fig. 1. T
thickness variation of the single laser deposited film in thz
direction is more pronounced than in they direction as ex-
pected for an excimer laser spot of proportionately hig
aspect along they direction. The exponents obtained by fi
ting these profiles to a cosn u functional form weren512 and
n528 in the y and z directions, respectively. The highn
values are characteristic of typical highly forward direct
single laser ablated plumes. As illustrated in Figs. 1~a! and
1~b!, the dual-laser process transformed the plume to a
respondingly less forward-directed expansion leading t
much more uniform film profile with exponentsn58 and 8.5
in the y and z directions. Furthermore, the close to uni
aspect ratio of the dual-laser deposited film profile, in co
parison to the aspect ratio of;2 for the single laser depos
ited film, indicates symmetric expansion of the plume cor
sponding to the symmetric area of overlap between the
lasers on target.

The mechanisms involved in the expansion process w
investigated by using a theoretical model based on a sys
of gas dynamic equations applied to the single and dual-l
ablated plasmas. The model, previously used for single l
ablation,4 incorporates an initially isothermal collisiona
plasma followed by an adiabatic expansion.

The isothermal plasma is initiated by the generation o
thin 1 mm layer of heated material on the target at the on
of the excimer laser pulse. During the 20 ns laser pulset, this
plasma layer continues to absorb laser energy while rec
ing additional material from the surface of the target. T
expansion of this self-regulated isothermal regime can

FIG. 1. Ellipsometric film thickness profiles along~a! they axis and~b! the
z axis for ZnO grown on Si. Solid lines indicate the theoretical fit.
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described by the equation of continuity and the equation
motion. The dimensions of the plasmaX, Y, andZ at time t
are solutions to the following set of similarity equations:4

X~ t !S 1

t

dX~ t !

dt
1

d2X~ t !

dt2 D5Y~ t !S 1

t

dY~ t !

dt
1

d2Y~ t !

dt2 D
5Z~ t !S 1

t

dZ~ t !

dt
1

d2Z~ t !

dt2 D
5

kT0

M
t<t, ~1!

whereT0 is the initial plasma temperature,M is the atomic
mass of the plume species, andk is the Boltzmann constant
The density and the velocity of the plasma are given by

n~x,y,z,t !5
t

t

n0~ t !

X~ t !Y~ t !Z~ t !

3expS 2
x2

2X~ t !22
y2

2Y~ t !22
z2

2Z~ t !2D t<t,

~2!

and

FIG. 2. Gated ICCD image of the first 150 ns of plasma emission in thex-z
plane following:~a! single KrF laser and~b! dual-laser ablation.
IP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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V~x,y,z,t !5
x

X~ t !

dX~ t !

dt
i1

x

Y~ t !

dY~ t !

dt
j

1
x

Z~ t !

dZ~ t !

dt
k. ~3!

The subsequent adiabatic expansion of the plasma,
tially confined to a small volume with dimensionsX0 , Y0 ,
andZ0 , is obtained by simultaneously solving the equatio
of motion, continuity, adiabatic state, and temperature, wh
would lead to the following set of similarity equations:2,4

X
d2X

dt2
5Y

d2Y

dt2
5Z

d2Z

dt2
5

kT0

M S X0Y0Z0

XYZ D g21

, ~4!

whereg is the ratio of specific heat~;1.6 for a monatomic
gas!. The thickness profiles for the deposited films we
computed by time integrating the flux,n(x,y,z,t)
•V(x,y,z,t) at points~y,z! on the substrate. An initial plasm
temperature of 7000 K was used in the simulation. The re
of the calculated thickness profiles are also shown in Fig
As shown in Fig. 1, close agreement with the ellipsome
profiles is obtained for the experimental excimer laser s
size on targets ofY051.0 mm andZ052.25 mm in the case
of single excimer laser ablation. The axial dimension of
plasma at the conclusion of the isothermal phase (X0) is
calculated to be 28mm. This is consistent with the expecte
range for the initial plasma dimension in a typical sing
laser-target interaction.4

Modeling the dual-laser ablated plume is complicated

FIG. 3. Axial plume profile of the plasma emission under~a! single laser
and ~b! dual laser ablation. Dots indicate experimental data from IC
imaging while the theoretical fits are shown as solid lines.
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the presence of the second CO2 laser pulse. There are tw
distinct stages to the initial isothermal expansion in the du
laser case. The first stage, during the excimer laser pu
may be modeled similarly to the single laser expansion w
a higher temperature corresponding to increased absorp
of CO2 laser energy. After the conclusion of the excim
laser pulse, the continuing absorption of the CO2 laser by the
plasma for approximately 150 ns is modeled by Eqs.~1!–~3!
without including additional incorporation of material from
the target into the plume by settingt5t in Eq. ~2!. The final
adiabatic expansion is modeled by Eq.~4!. The correspond-
ing best theoretical fits shown in Fig. 1 for the dual-las
deposited film profile were obtained for an initial plasm
temperature of 25 000 K and a transverse laser spot siz
Y051.0 mm andZ051.0 mm corresponding to the exper
mental area of overlap of the CO2 and excimer lasers on th
target. Our calculations indicate a dual-laser axial plume
mension of 54mm at the conclusion of the excimer las
pulse. The transverse dimension is consistent with the s
metric overlap of the two lasers on target and accounts
the overall symmetry of the films deposited using dual la
ablation. Significantly, the calculations indicate a factor o
increase in the initial axial extent of the plasma, from 28mm
for single laser ablation to 54mm for its dual laser counter
part.

We have used time gated intensified charge-coup
detector-array~ICCD! imaging to obtain the initial dimen-
sions of the single and dual-laser ablated plasmas dire
Images of the plasma captured with a 150 ns gate and
delay in thex-z plane at the target are shown in Fig.
Excellent agreement between the observed axial emis
profile and the calculated profile obtained from the previo
model by integrating the emission over the 150 ns obse
tion window is shown in Fig. 3. Therefore, the model inco
porating a higher temperature and increased extent of
initial plasma under dual-laser ablation consistently expla
both the emission and thickness profiles.

In summary, CO2 laser absorption into the initial exci
mer laser ablated plasma causes both increased temper
and axial extension. Control over this phase of the ablat
process significantly affects the subsequent plume expan
and the uniformity of deposited films. Experiments are c
rently in progress to tailor the temporal profile of the CO2

laser pulse to study the resultant effect on plume dynam
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