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Characteristics of laser-produced ZnO plasmas have been investigated by spectroscopic
observations. In particular, the ablation dynamics and recombination process in vacuum or gas
atmospheres �helium or oxygen� were studied on the basis of atomic physics. During and
immediately after a laser irradiation, plasma parameters, such as electron temperature and electron
density, were deduced from continuum and line spectra. In addition, the expansion velocities of ions
and atoms were determined by time-of-flight transients of the emission spectra. As for the
neutralization process of the expanding plasmas in vacuum, it was found that the radiative
recombination dominated the plasma neutralization process. On the other hand, long-lived bright
emissions that had a roughly spherical shape were observed in a helium atmosphere. This can be
explained by the scattering of particles ejected from the target and rapid plasma cooling due to the
collision with an ambient gas. Thus, the three-body recombination responsible for the intense
emissions played an important role for electron-ion recombination. Moreover, it was found that a
charge exchange recombination between He+ and Zn occurred near the target surface in helium.
Although similar results were obtained in an oxygen atmosphere, the peak intensities were much
higher than those in helium, implying that the additional cooling associated with the inherent
properties of molecules may significantly influence the plasma neutralization. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2190715�
I. INTRODUCTION

Laser ablation plasmas have been extensively studied for
the fabrication of various high-quality thin films. For ex-
ample, ZnO thin films, which are regarded as promising can-
didates for ultraviolet laser diodes,1,2 can be grown by pulsed
laser deposition �PLD�. In this process, the plasma is usually
produced in a gas atmosphere, where gas species and their
relative pressures are thought to play important roles in film
growth. For example, silicon nanoparticles were observed to
form in a laser-produced Si plasma under an argon
atmosphere.3 Recently, a ZnO nanorod that exhibited good
nano-optical properties was fabricated on a sapphire sub-
strate under an oxygen atmosphere.4 Thus, the effects of the
type and pressure of the gas species on the deposition rate
and quality of the thin film need to be clarified.

A deeper understanding of the atomic processes involved
in laser plasmas is essential for thin film deposition applica-
tions since these processes strongly influence the deposition
efficiency on the substrate. For instance, a shock front in the
ablation plume was observed in a gas atmosphere, where the
plasma particles lost their initial momentum due to collision
with the ambient gas.5 As a result, recombination occurred
more quickly than in vacuum. Since the plasma cooling in-
duced by the contact dramatically changes the recombination
process, this method may provide desirable conditions for
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the neutralization of laser plasmas, which is essential for
depositing neutral atoms on a substrate. Moreover, the inter-
action with the ambient gas may help to prevent high-energy
particles damaging the substrate. Although numerous experi-
ments have been conducted on the applications of thin film
growth in various gas atmospheres, the recombination pro-
cess has not yet been fully understood.

On the other hand, it was found that the molecular acti-
vated recombination �MAR� associated with inherent prop-
erties of molecules drastically affected the recombination
process in divertor plasmas of magnetically confined nuclear
fusion devices.6 As the cross section of MAR could be larger
than those of conventional radiative recombination and
three-body �3B� recombination, molecular gases may offer
an advantage in terms of the efficient neutralization in PLD.
Moreover, in the case of molecules, additional energy loss
processes, such as vibrational and rotational excitations, can
contribute enormously to the plasma cooling. However, little
is known about the elementary molecular processes in PLD.

In the present study, we investigate the characteristics of
laser ablation ZnO plasmas under vacuum and gas atmo-
spheres at the atomic level. Our purpose is to reveal the
sequence of ablation dynamics from ionization to recombi-
nation in laser plasmas by time- and spatial-resolved spec-
troscopic observations. The target temperature, electron tem-
perature, and density during and immediately after a laser

irradiation are described. Also, the expansion velocities of
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ions and atoms determined by means of time-of-flight �TOF�
transients are presented. Finally, the recombination processes
under vacuum and gas atmospheres �helium or oxygen� at
various pressures are discussed in detail.

II. EXPERIMENTAL SETUP

The third-harmonic pulses of a Nd:YAG �yttrium alumi-
num garnet� laser �Spectra Physics, 355 nm wavelength, 5 ns
pulse duration� were used to ablate the ZnO target �purity:
99.9%�, which was tilted at �45° with respect to the direc-
tion of the incident laser. The laser beam was focused by a
lens �f =750 mm�, irradiating the target with a spot size of
�0.5 mm � �full width at half maximum of Gaussian beam
profile� and a fluence of �4.5 J /cm2. The target disk was
rotated continuously to provide a fresh target surface. The
vacuum chamber containing no additional gas was evacuated
down to �1�10−6 Torr with a turbo molecular pump and a
rotary pump. Oxygen gas can be fed into the vacuum cham-
ber up to 10 Torr. For the ZnO thin film growth, depositions
were carried out under an oxygen atmosphere because of the
efficient promotion of oxygenation. In order to investigate
the effects of the cooling mechanism and the subsequent re-
combination process without the effects of molecular pro-
cesses, an additional experiment was performed under a he-
lium atmosphere.

A visible emission was observed perpendicular to the
target surface. The light was collected by a lens onto an
optical fiber �plane-type bundle fiber with 48 cores�, with
which the one-dimensional �1D� spatial distribution of the
emission was measured. The light transmitted through the
fiber was collected by another lens and focused onto the
entrance slit of the spectrometer �SPEX TRIAX190, f
=190 mm, 1200 grooves/mm�. Finally, spatially resolved
spectra were measured by a charge coupled devide �CCD�
camera with a gated image intensifier �Princeton Instru-
ments, Inc. I-MAX�. The resolution of the optical system
was around 0.36 nm. In this study, the CCD camera accumu-
lated 50 shots for improving the signal-to-noise ratio. The
spectral sensitivity of the whole optical system was cali-
brated by a standard tungsten ribbon lamp.

III. RESULTS AND DISCUSSION

A. Continuum spectra during laser irradiation

Figure 1 shows the spatially resolved spectra obtained
during and immediately after the laser irradiation. The gate
delays from the onset of the laser pulse were set to �a� t=0
and �b� 80 ns, with a gate width of 20 ns. The horizontal and
vertical axes correspond to the wavelength �475±23 nm� and
spatial position, respectively. There appeared three Zn
atomic lines at 468.0 nm �4 3P0-5 3S1�, 472.2 nm �4 3P1
-5 3S1�, and 481.1 nm �4 3P2-5 3S1� and two Zn+ ion lines at
491.2 nm �4 2D3/2-4 2F5/2� and 492.4 nm �4 2D5/2-4 2F7/2� in
this wavelength window. As clearly seen, the prominent con-
tinuum spectra on the target surface were observed at a delay
of t=0. Subsequently, the continuum emission disappeared,
and intense atomic and ionic spectra became predominant

�Fig. 1�b��.
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In order to determine the origin of the continuum emis-
sion observed, we plotted the calibrated emission coefficient
from 430 to 740 nm at a delay of t=0, as shown in Fig. 2
with open circles. The continuum spectra showed a clear
minimum near 650 nm. The continuum emission presumably
emerges as a result of the blackbody radiation from the target
surface itself or from the larger particulates ejected and the
plasma in accordance with the thermodynamic equilibrium.
Here, Planck’s law is expressed by7

FIG. 1. �Color online� Time- and spatial-resolved spectra of Zn atoms and
Zn+ ions at a delay of t=0 ns �a� and t=80 ns �b� in vacuum. Horizontal and
longitudinal axes correspond to the wavelength and spatial position,
respectively.

FIG. 2. Continuum spectra observed during and immediately after the laser
irradiation �open circles�. Planck radiation curves with T=1500 K and 5 eV,

as well as T=2248 K and 5 eV, are also shown.
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���� =
8�hc

�5

1

exp�hc/�kT� − 1
, �1�

where � is the wavelength, h the Planck constant, c the ve-
locity of light, k the Boltzmann constant, and T the tempera-
ture of the target or the plasma. By using the above equation,
the experimental data was fitted for a target temperature of
1500 K and a plasma temperature of 5 eV. A good agree-
ment was obtained between the experimental and calculated
results. In Fig. 2, the curve of the target temperature of
2248 K �melting point of ZnO� is also shown for reference.
The reason why the target temperature derived from Eq. �1�
is much lower than the melting point of ZnO is likely that the
area subjected to the laser pulses has a zinc-rich surface �zinc
boiling temperature: 1180 K� due to the redeposition of the
sputtered zinc from within the ablation plume.8

B. Electron density and temperature at the
initial stage

Spectra of Zn at the delays of t=40 and 140 ns �gate
width: 20 ns� at the target surface are shown in Figs. 3�a� and
3�b�, respectively. As clearly seen, prominent broadening
spectra were observed. From the spectral intensity and pro-
file, the electron temperature and density were determined at
different time delays.

First, the electron temperatures Te of the plasma near the
target surface were deduced from the population densities of
excited states. Since collisional processes play dominant
roles in high-density plasmas, the local thermodynamic equi-
librium �LTE� can be established among highly excited
levels. Thus, the relationship of population densities of

FIG. 3. Stark broadening spectra observed in the vicinity of the target at t
=40 ns �a� and t=140 ns �b�. The best Lorentzian fits pertaining to
468.0 nm �4 3P0-5 3S1�, 472.2 nm �4 3P1-5 3S1�, and 481.1 nm �4 3P2
-5 3S1� and their sum are displayed by the dotted and solid curves, respec-
tively. An intense absorption of Zn atoms represented by the arrow was
observed at t=40 ns.
levels i and j is expressed by Boltzmann’s law, ni /nj
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=gi /gj exp�−�E /kTe�, where ni and nj are the population
densities of levels i and j, respectively, g is the statistical
weight, and �E is the energy difference between levels i and
j. This assumption is justified for the excited levels because
of the high-density plasmas at the early stage. The criterion
for the validity of this assumption with respect to the elec-
tron temperature and density is described in Ref. 9. In the
present study, the population densities of i=5s 3S1 and j
=4d 3D3, which were deduced from the spectral intensities of
4 3P2-5 3S1 and 4 3P2-4 3D3 transitions, respectively, were
chosen for the estimation of the electron temperature.

Since the lower levels of these transitions �4 3P2� are
metastable, however, the intensity around the line center
dropped significantly due to self-absorption, as indicated by
the arrow in Fig. 3�a�. In order to accurately estimate the
population densities, therefore, we employed the approxima-
tion that the effective transition probability �ikAki for the
spontaneous transition Aki represents the effect of the
self-absorption.10,11

If the line profile is assumed to have a Lorentzian profile
and the plasma has a cylindrical geometry with a homoge-
neous distribution, the optical escape factor �ik at the column
axis �r=r0� for the spectral emission from an upper state k to
a lower state i is defined by

�ik�r0� =
2

�
�

0

�

dx�
0

1

dt
1

1 + x2 exp�−
	̂

�1 − t2

1

1 + x2	 .

�2�

Here, 	̂ is the optical depth at the line center, which is given
by

	̂ =
e2

mc2 f ik
1 −
nk�r0�
ni�r0�

gi

gk
� �2

��L
�

0

l

ni�
�d
 , �3�

where f ik is the absorption oscillator strength, ��L the Stark
width �see below�, and l the boundary of the particles. In the
present study, the metastable density ni was determined by
the absorption measurement of the 4 3P2-5 3S1 transition,
yielding an n4p value of 4�1022 m−3 at t=40 ns. Finally, the
electron temperature can be determined by the following
equation:

n4d

n5s
=

I4d−4p/��4p−4dA4d−4p�
I5s−4p/��4p−5sA5s−4p�

=
g4d

g5s
exp�−

�E

kTe
	 , �4�

where I is the spectral emissivity observed experimentally.
For this transition pair, �4p−4d /�4p−5s�0.9 was obtained at
the initial stage. The electron temperature at different time
delays is shown in Fig. 4, indicating that the electron tem-
perature was still a few eV even at t=140 ns after the laser
irradiation.

On the other hand, the best fitted spectra that were de-
convoluted by Lorentzian profiles are also shown in Fig. 3
with dotted curves. The fact that the line profiles observed
were well reproduced by a Lorentzian shape suggests that the
Stark effect in the high-density plasma presumably broadens
the spectral profile significantly.12–14 The electron density ne,
therefore, was determined from the Stark broadening spectra.

3 3
The linewidths of the 4 P2-5 S1 transition estimated from
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the deconvoluted spectra for delays t=40–140 ns are listed
in Table I. From the broadening widths, electron densities at
different time delays were deduced. The spectral broadening
width �� consists of three components, namely, resonance
��res, van der Waals �vdW� ��vdW, and Stark ��Stark

broadenings,15–17

�� = ��res + ��vdW + ��Stark, �5�

��res =
�2

2�c
2�2C3n0,

��vdW =
�2

2�c
8.08�8kT

�
	3/10

�� 1

�ij
	3/10

C6nj , �6�

�ij =
mimj

mi + mj
,

��Stark =
�2

2�c
11.37� 8kT

me�
	1/6

C4ne,

where mi and me are the mass of species i and an electron,
respectively, n0 is the density of the lower level for the rel-
evant radiative transition, nj is the density of neutral species
j, and the other symbols have their usual meanings. The
coefficients C3, C4, and C6, which are constants for reso-
nance, Stark, and vdW broadenings, respectively, were re-
ported by Born.17 For the parameters nj =ne=1�1025 m−3,

FIG. 4. Electron temperature deduced from Boltzmann’s relation between
Zn atom 5 3S1 and 4 3D3 levels.

TABLE I. Stark width and shift of the Zn atomic transition 4 3P2-5 3S1

�481.1 nm� observed at different time delays after the laser irradiation. The
shift estimated by substituting the experimental width into Eq. �7� is shown
as well.

Delay �ns�
Stark width

�� �nm�
Expt. shift

�nm�
Shift from

Eq. �7� �nm�

40 6.3 1.7 5.4
60 4.7 1.2 4.0
80 3.8 0.75 3.3

100 2.8 0.5 2.4
120 2.0 0.5 1.7
140 1.5 0.31 1.3
Downloaded 14 Jun 2007 to 133.41.149.126. Redistribution subject to
n0=2�1021 m−3, and T=5 eV, the widths for the 4 3P2
-5 3S1 transition are 1.9�10−6, 4.6�10−2, and 2.0 nm for
the resonance, vdW, and Stark broadenings, respectively.
Thus, the contributions of the resonance and vdW broaden-
ings are negligibly small. The electron density obtained in
the vicinity of the target surface is shown in Fig. 5.

Meanwhile, slight wavelength shifts between absorption
and emission spectra can also be seen in Fig. 3. It should be
noted that the position of the central wavelength of the ab-
sorption spectrum did not change. The wavelength shift in
the emission spectrum is also listed in Table I. This red shift
of the emission spectrum cannot be explained by a Doppler
shift. The wavelength shift �� due to the vdW and Stark
effects is expressed in terms of their broadening widths:15,17

�� = 
vdW��vdW + 
Stark��Stark. �7�

Here, since little data of broadening constants on zinc has
been published so far, we employed the 
s derived from the
Lindholm-Foley theory, giving 
vdW=0.36 and

Stark=0.86.17 Neglecting the contribution of the vdW com-
ponent, the Stark shifts observed were much smaller than
those obtained by substituting the experimental widths into
Eq. �7� �see Table I�. This discrepancy in the Stark shift is
presumably ascribable to the strong self-absorption at the
center wavelength in the line profile. Since the lower levels
relevant to the 4 3P2-5 3S1 transition correspond to the meta-
stable state, we must take into account the influence of ra-
diation trapping to estimate the electron density by measur-
ing the Stark width. Otherwise, the electron density, as well
as the Stark width, will be overestimated because of the in-
tensity drop around the central wavelength. This influence is
illustrated in Fig. 6, in which both the emission and absorp-
tion profiles were assumed to be Lorentzian, and the Stark
shift for the emission spectrum was also taken into account.
The thick solid and dotted curves represent the spectral pro-
file expected from the experiment and its best fitted Lorent-
zian curve, respectively. Thus, in the high-density plasma,
the Stark width derived from the experimental shift should
be used to determine the electron density. The electron den-

FIG. 5. Electron densities determined from the Stark broadening. Experi-
mental width represents the electron densities that were derived from the
Stark widths of the Zn atom 4 3P2-5 3S1. The Stark shift shows that the Stark
width calculated from experimental Stark shifts was used in determining the
electron density.
sities were also determined by substituting the Stark widths
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calculated from the measured shifts into Eq. �6� �see Fig. 5�.
The results showed that the actual densities were much lower
than those obtained by the experimental Stark widths.

C. Expansion of plasmas

The expansion velocities of ions and atoms were deter-
mined by TOF transients of the spectral emissions. Figure
7�a� shows the spatial distribution of Zn+ ion spectra
�4 2D5/2-4 2F7/2� at t=170, 270, 370 ns �gate width: 20 ns� in
vacuum. The fine structures of the spatial distribution were
caused by the separation of each core of the bundle fiber.
Such temporal evolutions provide a means for estimating the
propagation velocities. From the shifts of the peak positions,
the expansion velocities of the excited levels of Zn+ ions
were determined to be 1.9�104 and 1.7�104 m/s for the
pairs of 170 and 270 ns and 270 and 370 ns, respectively.
The values obtained were in good agreement with the experi-
mental results reported by Girault et al.18 Similarly, the ex-
pansion velocity of the atom was evaluated to be �3
�103 m/s.

The difference in velocities between atoms and ions
could be explained by the electric field formed near the
target.19,20 At the initial stage, the electrons escape from the
target more quickly than ions do. In order to compensate the
charge separation, however, the electric field is likely to be
formed in front of the target. In addition, the ions are sub-
jected to the Coulombic repulsion by other ions. However,
since the atoms expand by an adiabatic free expansion, the
velocity is thought to be approximately equal to the sound
speed of zinc. The potential derived from the energy differ-
ence between ions and atoms corresponds to 2.7�102 V.

Meanwhile, the expansion velocity in He at 2.5 Torr was
also derived by the TOF method. From Fig. 7�b�, the veloci-
ties of Zn+ ions were estimated to be 1.4�104 and 9
�103 m/s for the pairs of 170 and 270 ns and 270 and
370 ns, respectively. The fact that Zn+ ions gradually decel-

FIG. 6. Distortion of the spectral profile due to radiation trapping. In the
central region, both the emission and absorption profiles are assumed to be
Lorentzian. The total profile corresponds to the spectrum observed in the
experiments. “Lorentzian” represents the best fitted Lorentzian curves of the
“total profile.” Electron density deduced from the experimental Stark width
may be overestimated for optically thick plasmas.
erated in helium and had lower velocities than in vacuum
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suggests that the particle expansion was suppressed by the
collision with the ambient gas, as described later.

D. Recombination process in plasmas

1. Vacuum condition

Without the ambient gas, a plasma with a conical-shaped
emission was generated. Figure 8 shows the time-integrated
spatial distribution of the Zn atomic spectrum �4 3P2-5 3S1�.
The intense emission adjacent to the target was ascribed to
the continuum emission at the initial stage. The emission

FIG. 7. Spatial distributions of the Zn+ ion spectrum �4D5/2-4F7/2� at t
=170, 270, and 370 ns in vacuum �a� and He at 2.5 Torr �b�.

FIG. 8. Time-integrated spatial distributions of the Zn atom 4 3P2-5 3S1 are

shown for various He gas pressures.
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intensity decreased monotonically along the normal to the
target surface. The other atomic spectra exhibited similar dis-
tributions. Since the electrons and ions escape from the target
faster than atoms, collisions between electrons and atoms do
not take place frequently in vacuum. Moreover, if we assume
that the plasma expansion is described by the hydrodynamic
free expansion with an ideal flow and no viscosity, the ther-
mal energy will be converted into a kinetic energy along the
normal to the target surface. Thus, the collision frequency
within the plume decreases due to the freezing of the perpen-
dicular motion.21 In addition, assuming that the electrons os-
cillate around the ion cloud, they could to some extent lose
their energies via Coulomb collisions with ions. As a result,
an expanding plasma with a low density and a moderate
temperature is likely formed, in which the ions mainly re-
combine with electrons through the radiative recombination:

Zn+ + e → Zn�p� + h� . �8�

It is of great significance to understand that electrons are
preferably captured into the ground state or the lower excited
p levels. Since the rate coefficient of reaction �8� is insensi-
tive to the electron temperature, this process can take place
even in slightly high-temperature plasmas. Indeed, Rydberg
spectra originating from 3B recombination were not ob-
served in vacuum �see below�. Thus, the radiative recombi-
nation is believed to dominate the plasma neutralization in
vacuum.

Meanwhile, the total amounts of the intensity given by
spatial integration over the observation region for Zn+ ions
�4 2D5/2-4 2F7/2� and atoms �4 3P2-5 3S1� are shown in Figs.
9�a� and 9�b�, respectively. In vacuum, the integrated inten-
sity can be classified into two components defined by life-
times, as shown in Fig. 9 with the solid curves. For Zn+ ions,
the intensity decreased rapidly with a time constant 	
�22 ns during t=150 ns and thereafter decreased gently
with 	�330 ns, whereas the radiative lifetime of the rel-
evant transition �	=6.3 ns� was far shorter than the time
scales over which emissions were observed. This clearly sug-
gests that a mechanism for a population inflow into 4 2F7/2
was at play, followed by the radiative decay into the 4 2D5/2
level. Here, we note that at the initial stage, the population
densities of the highly excited levels are expected to be high,
since their distribution may be well described by LTE. Thus,
it seems reasonable to suppose that the contribution of the
cascades from upper levels into the 4 2F7/2 level via colli-
sional and radiative decays can be predominant and can
cause the emissions to be prolonged. At around t=200 ns,
however, the dominant population inflow into 4 2F7/2 appears
to change from cascading into radiative recombination, that
is, Zn2++e→Zn+�4 2F7/2�+h�. A similar temporal behavior
was obtained in atomic spectra, in which the long-lived
emission may also be explained by the radiative recombina-
tion, i.e., Zn++e→Zn�5 3S1�+h�, followed by the radiative
decay 5 3S1→4 3P2.

2. Helium/oxygen atmospheres

A bright emission was observed in the He atmosphere,
and the plasma size decreased with increasing gas pressure.

For He pressures above 0.2 Torr, the emission region ap-

Downloaded 14 Jun 2007 to 133.41.149.126. Redistribution subject to
peared spherical. The spatial distribution of the Zn atomic
spectrum is shown in Fig. 8 for various He gas pressures. In
contrast to the result observed in vacuum, the emission in
helium had a well developed second maximum at a position
far from the target.

The time-resolved spectra also revealed that at a delay t
of 150 ns, the spatial distribution of the spectra in helium
began to deviate from that in vacuum. As seen in Fig. 7�b�,
the emissions of the expansion front dropped dramatically,
and the spectral intensity increased significantly compared
with that in vacuum. This can be explained by the scattering
and rapid cooling of the expanding plasma due to the contact
with the ambient helium. That is, when the expanding
plasma collides with the helium, the electrons, atoms, and
ions within the plume depart from the initial trajectory, being
also diffused along the lateral direction with respect to the
target surface. As a result, the emission region appeared
spherical in shape. Meanwhile, plasma electrons quickly lose
their kinetic energy through elastic and inelastic collisions
with helium, and consequently, a nonequilibrium plasma
with a high density and a low temperature is presumably
formed in the plume. Thus, the electrons recombine with
ions through the 3B recombination, which is the dominant
atomic process in high-density, low-temperature plasmas:11,22

Zn+ + e + M → Zn*�p� + M , �9�

where M represents a third body. The most important point
of this recombination is that the electrons are captured into
high Rydberg p levels and then collisionally deexcited into

FIG. 9. Spatial-integrated intensity at different time delays in the Zn+ ion
4D5/2-4F7/2 �a� and the Zn atom 4 3P2-5 3S1 �b�. The best fitted exponential
curves are represented by the solid curves.
lower levels via ladderlike processes. Finally, the series of
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recombination toward the ground state is terminated by an
intense radiative decay. Consequently, the relaxation associ-
ated with the 3B recombination is longer than that in
vacuum.

This is confirmed by the spatial integrated intensity �see
Fig. 9�. The temporal behavior of the Zn+ intensity in helium
was almost the same as that in vacuum, up to t=700 ns �t
=1000 ns for atoms�. After that, however, the intensity ob-
served in helium was higher than that in vacuum. This tem-
poral evolution clearly indicates that there exists an addi-
tional population mechanism into the Zn+ ion 4 2F7/2 and the
atom 5 3S1 levels in helium. Considering that the electrons
are captured into highly excited levels, it seems reasonable
that the cascade process via long-lived intermediate states
gives rise to a slower decay of fluorescence in its tail. The
reason why the peak intensity increased with the gas pressure
and its position moved toward the target surface can also be
ascribed to the 3B recombination, in which the expanding
plasma undergoes a more efficient and rapid cooling with
increasing pressure.

Further evidence of the 3B recombination is provided by
the appearance of the emission associated with the Rydberg
state. Figure 10 shows the time-integrated spatial distribution
of the Zn atom 4 1P-7 1S in vacuum and He at 1 Torr. In
helium, a Rydberg emission was observed at a great distance
from the target, while no emission was observed in vacuum.
A similar experiment using pure zinc also showed that the
3B recombination responsible for the intense emission
played an important role in the plume.23

The bright emissions of Zn+ ion spectra were also ob-
served in helium, showing that the 3B recombination pro-
cess, Zn2++e+M→Zn+*�p�+M, took place. This implies
that the Zn+*�p� emission provides a signature of particles
that was hitherto believed to be Zn2+ ions. However, the peak
position of the Zn+ ion spectrum appeared at a position
closer to the target surface compared with that of the atom. A
partial explanation for this observation can be derived from
the fact that highly charged ions recombine with electrons

FIG. 10. Time-integrated spatial distributions of the Rydberg emission
4 1P-7 1S of the Zn atom in vacuum and He at 1.0 Torr. In the gas atmo-
sphere, the Rydberg emission was observed at a great distance from the
target.
sequentially and reduce their ionic stages in a stepwise man-
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ner, such as Zn2+→Zn+→Zn atom. Moreover, it should be
noted that the recombination rate of Zn2+ ions is presumably
more sensitive to temperature since the ionization potential
of Zn+ ions is higher �Ip=17.96 eV for the Zn ion; Ip

=9.39 eV for the Zn atom�.
For oxygen atmospheres, the peak position of the Zn

atomic emission �4 3P2-5 3S1� also moved closer to the target
with increasing pressure, as shown in Fig. 11. Compared
with the results for the same gas pressure as that for helium,
much more intense emissions were observed in the case of
oxygen, while their peak positions shifted closer to the target
surface than those in helium. It is reasonable to suppose that
for oxygen, there are additional cooling processes, such as
rotational and vibrational energy transfers. Figure 12 shows
the time- and spatial-integrated spectra obtained under he-
lium and oxygen at 1 Torr. The intensities of Zn ions in
oxygen were �7.2 times higher than those in helium, while
the atomic Zn spectra in helium and oxygen differed by a
factor of �2.8. These results imply that the electrons cooled
in oxygen may begin to recombine via the 3B recombination
more rapidly compared to those cooled in helium. Conse-
quently, the neutralization of plasmas which closely corre-
lated with the deposition efficiency can be promoted in oxy-
gen.

FIG. 11. Time-integrated spatial distributions of the Zn atom 4 3P2-5 3S1 in
oxygen as a function of gas pressure. Compared with the results in helium,
much higher intensities whose peak positions appeared closer to the target
were obtained.

FIG. 12. Time- and spatial-integrated spectra of Zn ions and atoms in he-

lium and oxygen under 1.0 Torr.
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E. Charge exchange recombination in the He+–Zn
system

The spatial distributions of Zn+ ionic spectra �4 2D5/2
-4 2F7/2� in vacuum and He at 2.5 Torr for the delays of �a�
t=600 ns and �b� t=1000 ns are shown in Fig. 13. In
vacuum, the emission region simply moved away from the
target, while in helium, double peaks were observed. Al-
though the second peak at around 10 mm moved slowly to-
ward the right-hand side in Fig. 13�b�, the position of the first
peak remained constant throughout the measurements. This
emission in the vicinity of the target cannot be explained by
continuum spectra. One possible explanation may be the 3B
recombination at an initial stage, during which the electrons
may lose their energies rapidly via collisions with the ambi-
ent gas. However, since the electron and ion densities are
still high enough at the initial stage, the plasma particles can
to some extent penetrate through the ambient gas and not
preferably remain adjacent to the target. Thus, it is reason-
able to consider that recombination begins to occur around
the second peak. In fact, since only the second peak of the
Zn+ ion emission was observed in oxygen, the phenomenon
was inherent in helium.

The most probable origin of the first peak is to be found
in the charge exchange process, followed by the collision

FIG. 13. Spatial distributions of the Zn+ ion 4d 2D5/2-4f 2F7/2 in vacuum and
He at 2.5 Torr at a time delay of t=600 ns �a� and 1000 ns �b�. It was found
that in helium there appeared a small emission peak adjacent to the target
well after the laser irradiation.
with slow electrons:
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He+ + Zn → He�1s2� + Zn+*�5d 2D� , �10�

e + Zn+*�5d 2D� → e + Zn+*�4f 2F� . �11�

These processes are well known as a mechanism of popula-
tion inversion for the He–Zn blue laser.24 The energy dia-
gram of the He and Zn+ sequences is shown in Fig. 14. In the
present case, the electrons with high energies ionize He at-
oms at the initial stage. In fact, the intense emission of the
He+ ion transition �n=4–6� as well as the atomic spectra
were observed only in the vicinity of the target. Considering
that �i� the expansion of Zn atoms were suppressed in the gas
atmosphere and �ii� He+ ions did not have a velocity compo-
nent in a specific direction, and their velocity may be given
by the room temperature, it seems reasonable that near the
target surface He+ ions interact with Zn atoms through the
processes expressed by Eq. �10�, followed by the radiative
decay from 4f 2F.

IV. CONCLUSION

Spectroscopic investigations in laser-produced ZnO plas-
mas were carried out to study ablation and recombination
dynamics on the basis of atomic physics. During and imme-
diately after the laser irradiation, an intense continuum emis-
sion was observed near the target surface, which can be re-
produced by the sum of the blackbody radiation from the
target material and the thermodynamic equilibrium plasma.

The electron temperature and density were determined
from the spectral profile and intensity of Zn atoms. The elec-
tron temperature deduced from the Boltzmann relationship of
the excited levels was found to be several eV over 150 ns
after the laser pulse. The electron density determined from
the Stark broadening spectrum was ne
3�1025 m−3 at a
delay of t=40 ns, while the electron density derived from the
Stark shift was ne
1�1025 m−3. This discrepancy can be
explained by the fact that radiation trapping caused the in-
tensity around the line center to drop significantly, resulting
in the apparent broadened width. On the other hand, the ex-
pansion velocities of Zn ions and atoms in vacuum were
determined by TOF to be �2�104 and �3�103 m/s, re-
spectively. The remarkable difference in expansion velocity
between the ions and atoms may provide evidence for an
electric field leading to the acceleration of the charged par-

FIG. 14. The energy level diagram of He and Zn+ ion sequences.
ticles.
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As for the recombination process in vacuum, it was
found that the radiative recombination was the dominant pro-
cess in the plume. Meanwhile, under gas atmospheres, a
long-lived bright emission that appeared spherical in shape
was observed. Moreover, it was observed that the expansion
of plasma particles was suppressed in gas atmospheres. This
was ascribed to the scattering of ejected particles and the
rapid plasma cooling due to the collision of electrons with
the ambient gas, followed by the formation of low-
temperature, high-density plasmas. Consequently, the 3B re-
combination responsible for the intense emissions dominated
the plasma neutralization process. In addition, it was shown
that oxygen may be effective for the rapid cooling and sub-
sequent recombination.

Finally, the long-lived emission of the Zn+ ions in the
vicinity of the target was observed in helium, while in
vacuum and oxygen atmosphere, this emission disappeared.
This can be explained by the charge exchange process be-
tween the He+ ions and Zn atoms.
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