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GROWTH OF EPITAXIAL THIN FILMS BY PULSED LASER ABLATION

Douglas H. Lowndes

Solid State Division
Oak Ridge National Laboratory

Oak Ridge, TN 37831-6056

INTRODUCTION

The field of pulsed-laser deposition (PLD) currently is undergoing rapid
growth. The explosion of interest in PLD was triggered by the demonstration
that high quality high-temperature superconductor (HTSc) films could be
grown by the pulsed laser ablation (PLA) process. It has been sustained and
enlarged by the concurrent development of high-power ultraviolet (UV)
excimer lasers that are very reliable and convenient to use. There also is
growing recognition of advantages and even unique capabilities that PLA
offers for film growth, especially for epitaxial growth of crystalline films of
multi-element materials.

Part of the attraction of PLD film growth is that it is conceptually and
experimentally very simple, though the physics of the PLA process is quite
complex. Figure 1 shows the essential features of a PLD film-growth system.
The pulsed excimer laser beam (typical pulse duration -10-40 ns) is focused
(energy density, Ep, -1-4 J/cm2) through a UV-transmitting window onto a
rotating target in the deposition chamber. Absorption of the focused laser
energy creates a rapidly expanding laser-generated plasma that contains both
ground-state and excited-state neutral atoms and ions, as well as electrons.
These species undergo a number of collisions in leaving the target, resulting
in formation of a highly directional flow normal to the target surface, at
initial velocities > 106 cm/s. If ablation is done in a reactive atmosphere such
as oxygen, very simple oxide molecules also are formed in the expanding
ablation beam. A shock front may form as a result of collisions between the
expanding plasma and the ambient gas molecules; this front propagates with
gradually decreasing velocity toward the substrate heater, which typically is
located 5-10 cm away. Biasing voltages also may be introduced into the
target-substrate space, thereby enriching the ablation plasma's content of



selected species, in order to modify and control thin-film morphology and
physical properties [Witanachchi et al., 1988; Singh et al., 1989]. Far more than
100 different materials have been deposited by PLD (see Cheung and Sankur
[1988], and Beech and Boyd [1991]). Many of these were grown as epitaxial
(highly oriented crystalline) films, often at reduced substrate temperatures
because of the unique PLA film-growth environment.

The purpose of this article is to provide a detailed introduction to the
advantages and current limitations of PLA for epitaxial film growth.
Particular emphasis is placed on experimental methods and on exploitation
of PLA's unique characteristics to control epitaxial growth at either the unit
cell or the atomic-layer level. Because this article is primarily tutorial, and
because of the recent rapid divergence in applications of PLD, it is not our
purpose to cite references to all previous work. Examples frequently are taken
from recent HTSc film growth because some of the most complete
experimental and theoretical studies to date have been carried out for these
materials. However, there are several excellent references to the growing
variety of PLD applications. These include authoritative overviews of
pioneering work [Cheung and Sankur, 1988; Cheung and Horwitz, 1992];
reviews of applications to semiconductor and dielectric film growth [Sankur
and Cheung, 1988; Dubowski, 1988]; a recent Materials Research Society (MRS)
symposium [Paine and Bravman, 1991] and a pending MRS symposium
[Braren, Dubowski, and Norton, 1993]; a European MRS summer school
[Fogarassy and Lazare, 1992]; an international workshop [Miller and Haglund,
1991]; European MRS conferences that have included laser ablation topics
[Boyd, 1992]; the February, 1992 issue of MRS Bulletin, in which current and
near-future PLD research issues are outlined [Cheung and Horwitz, 1992;
Chrisey and Inam, 1992; Cotell and Grabowski, 1992; Venkatesan et al., 1992];
and, a pending international conference on laser ablation [Miller and
Geohegan, 1993].

CHARACTERISTICS OF THE PLA PROCESS

PLA's Advantages for Film Growth

Several characteristics of the PLA process confer special advantages or
unique capabilities for epitaxial film growth.



(1) The best-known characteristic is that congruent transfer of material
occurs from the target to the deposited film, over a limited but still quite
useful range of deposition angles in the forward direction, when the laser
energy density, Ep, and the focused beam spot size and shape are properly
chosen. Consequently, all of the constituents of complex, multicomponent
films can be deposited simultaneously from a single target, and the films
have the same composition as the target. The only "starting material"
requirement for PLD film-growth is the fabrication of a sufficiently high-
quality stoichiometric target (see below), normally of poly crystalline material.

(2) PLD growth takes place from a laser-generated plasma. Species in
the ablation "plume" (e.g., ground- and excited-state atoms and ions, together
with electrons) possess both kinetic and potential energy, which can be be
used to increase sticking coefficients [Rettner et al., 1986; Hamza et al., 1987]
and adatom surface mobilities [Greene et al., 1988] on the growing film
surface, and to enhance film nucleation. Consequently, epitaxial growth
often can be obtained at reduced substrate temperatures, and in situ substrate
cleaning/surface preparation is possible for some materials.

(3) PLA is a very natural process for reactive film deposition, because
of the absence of electron beams, hot filaments, etc., in the deposition
chamber. Gas-phase reaction rates increase rapidly with the kinetic energy of
ablated atoms [Otis and Dreyfus, 1991], so that simple compounds (e.g., oxides,
nitrides, hydrides) are readily formed by ablation into an appropriate ambient
gas. Ablation of metal cations into low-pressure O2, O3, NO2, or N2O, with
formation of metal oxides in the gas phase, is partially responsible for PLD's
success in growing high-quality in situ epitaxial RBa2Cu3C>7-5 thin films
(R = Y or rare earth). This capacity for reactive deposition recently opened up
a new research field, PLA growth of heretofore difficult-to-fabricate
multicomponent oxide epitaxial thin films, including ferroelectric, ferrite,
and bioceramic materials (see Cotell and Grabowski [1992]).

(4) Collisions with ambient gas molecules also can be used to moderate
the ablation beam's kinetic energy. For example, a low-pressure inert gas can
be used to prevent impact damage by energetic species during semiconductor
film growth [McCamy et al., 1992a]. This may be important in order to avoid
point defects that form in semiconductors at room temperature, or extended
defects at elevated temperatures, when ion energies exceed approximately 30
eV [Zuhr et al., 1989].



(5) Because most of the ablation beam is strongly forward-directed (I [•&]
~ [cos •&] n , with n ~5-25), PLD makes very efficient use of target material.
Consequently, PLD may be superior to all other deposition methods in
minimizing the use of rare or costly materials, or confining the spread of toxic
materials. Because the laser beam can be focused to nearly a point source,
film growth is possible from a very small target, e.g., to grow isotopically pure
thin films [Cheung and Sankur, 1988].

(6) For films that are grown in a reactive environment, PLD growth
chamber design can be simple and relatively inexpensive. Bell jar-based or
quartz systems are adequate for many oxide materials, and a bell jar top on a
chamber is especially convenient for viewing the laser ablation plasma
"plume".

(7) Quite high deposition rates can be obtained using "off-the-shelf"
commercial excimer lasers. Epitaxial YBa2Cu3O7-x (YBCO) thin films with
high critical current density, Jc, have been grown at 145 A/s using a 30 W KrF
(248 nm) laser running at 100 Hz [Wu et al., 1990a]. Optimized deposition
rates of ~600 A-cm2/s (> 200 um-cm2/h) are possible with such a laser.

(8) PLD is particularly versatile and simple for growth of multilayered
epitaxial heterostructures and superlattices. A separate, stoichiometric target
can be used for each layer of different composition, with a multi-target
"carousel" for rapid target exchange. Sequential target irradiation results in
layered, epitaxial thin-film materials. Growth is inherently "digital", since
the pulsed laser is either on or off. Layer thicknesses can be controlled
precisely via the number of laser pulses. Using multi-element targets, all
elements are simultaneously present on the growing surface and growth is
controlled at the unit cell level. Automation to grow complex multi-layered
structures under computer control also is straightforward, especially so for
multicomponent oxides (or other materials) for which deposition conditions
are similar. As an example, a 15-layer integrated flux transformer and SQUID
recently was grown entirely by PLD [Lee et al., 1991]. Using multi-element
targets, YBa2Cu3O7-5/PrBa2Cu3O7-§ (YBCO/PBCO) superlattices have been
grown by PLD with layer thicknesses as thin as a single unit cell [Li et al., 1990;
Lowndes et al., 1990].

(9) In PLD's ultimate level of refinement, conventional multi-element
targets can be replaced by elemental or simple metal-oxide targets and used to
deposit sequentially the sub-cell "building blocks" of the unit cell. In this way,



growth can be controlled at the atomic-layer level and PLD becomes "laser-
sourced MBE" [Cheung et al., 1983,1986; Kanai et al., 1989]. However, for full
implementation laser MBE requires in situ monitoring (RHEED, etc.) and
MBE-like high vacuum capabilities.

PLA's Limitations

PLA has two characteristics that most authors have considered
limitations:

(1) Particles with diameters from -0.1 urn to ~10 jirn diameter,
depending on the laser E$ and wavelength, usually are present on films.
These particles apparently originate in two ways, either as irregular fragments
that are blown off the target, or as molten droplets that result from subsurface
boiling of the target ("splashing"). (Condensation from the ablated vapor also
is implicated for long-pulse lasers [Gaponov, 1982].) Small-diameter particles
cause no problem for many applications of PLD films, but the larger particles
are a concern if films or heterostructures are to be lithographically patterned
on the micron-or-smaller scale. Use of a relatively low laser Ej? can
significantly reduce the particle count, but too-low Ej? affects film
stoichiometry (see below). Both passive and active experimental techniques
have been developed to minimize the particle count. These range from
optimum target preparation and "conditioning" to the use of a rotating
"velocity filter", and are described below.

(2) The pulsed laser beam must be focused to achieve the Ej? and spot
shape needed for stoichiometric transfer. As outlined above, such a near-
point source produces a strongly forward-peaked angular distribution of
ablated material. Consequently, uniform-thickness films are produced only
in a narrow angular range unless there is relative motion of the beam and
substrate (i.e., "painting" the substrate with the plume). Several beam- or
substrate-scanning techniques have been worked out to obtain uniform-
thickness PLD over large areas and are described below. However, the
ablation "plume" actually consists of two components: The high-intensity,
forward-peaked, stoichiometric part, plus a low-intensity, evaporative part
(varying approximately as cos 6) that dominates at large deposition angles in
vacuum. Consequently, a small fraction of the deposited material is expected
to be non-stoichiometric if beam scanning is used. The pragmatic solutions



to this problem have been either to operate at sufficiently high Ej? that the
evaporative component is negligible, or to use films grown mostly from the
central plume region. However, very high Ep generally exacerbates the
particle problem.

The Ablation Regime: Plasma Formation and Film Stoichiometry

For film growth, the "ablation" regime can be defined as the laser energy
density range for which congruent transfer of material is obtained. This range
varies with the target material and the laser wavelength. However, studies by
several groups show that pulsed emission of particles from a surface is a
highly nonlinear process that actually involves two successive Ej? thresholds.
The first (lower) threshold is simply that for the onset of laser etching,
accompanied by particle emission. The pulsed atomic (or molecular)
emission process is highly nonlinear in laser fluence, as illustrated in Fig. 2
[Kelly, 1990]. The second threshold is for simultaneous stoichiometric
transfer of all atomic species from target to substrate; for multielement target
materials this occurs only at significantly higher Ep. For YBCO, for example,
the KrF laser etching threshold is ~0.ll J/cm2 [Inam et al., 1987], but
predominantly stoichiometric film deposition is not obtained until
Ej? - 0.4-0.9 J/cm2 [Venkatesan et al., 1988; Geohegan et al., 1988].

The reason for the two different thresholds is that atomic (or molecular)
emission at low Ep is due to pulsed heating and is really laser evaporation,
although collisions among the departing atoms can cause some" moderate
forward-peaking (~cos4 9) of the atomic yield [Kelly, 1990] even for low Ep.
However, because the primary low-Ep process is pulsed evaporation,
variations in melting points and vapor pressures among the constituent
target elements generally result in non-congruent transfer. In contrast, the
stoichiometric-transfer regime is reached only when Eg is sufficiently high to
form a laser-generated plasma [Geohegan et al., 1988]: Congruent transfer of
material results from target erosion that is mediated by this plasma
[Geohegan et al., 1988; Venkatesan et al., 1988].

Geohegan et al. [1988] have illustrated these points in complementary
studies of changes in target stoichiometry and morphology, and of deposited
film stoichiometry, as a function of laser fluence. Rutherford backscattering
spectrometry (RBS) measurements showed that a YBCO film deposited at



0.2 J/cm2 was seriously yttrium-deficient (Yo.43Ba2.oCu3.305.s, normalized to
Ba = 2.0), while at 2.1 J/cm2 its composition, Y1.1Ba2.0Cu3.1O6.6z was within
10% of the target stoichiometry. Figure 3 shows that the YBCO target
irradiated at 0.2 J/cm2 has undergone surface melting, with initial sub-micron
crystallites converted into highly conical -10 um resolidified features
[Geohegan et al., 1988; Auciello et al., 1988]. However, energy dispersive x-ray
(EDX) analysis of the target showed that its surface was Y-rich, complementary
to the Y-deficient film. These results suggest that the surface temperature
increase at 0.2 J/cm2 was insufficient to evaporate much Y. (The vapor
pressures of Y, Ba, and Cu at 1500°C are 0.0016,150, and 0.43 Torr, respectively.
Similar difficulty is expected for evaporation of targets composed of Y2O3,
BaO, and CuO, since the vapor pressures of BaO and Y2O3 are 0.0049 and
2xlO"9 Torr, respectively, while CuO releases O at elevated temperatures,
hence follows the metallic Cu vapor pressure.) In contrast, at 2.1 J/cm2 large
smooth pits or grooves were formed in the YBCO target surface (Fig. 3),
suggesting much more efficient melting. EDX measurements revealed the
same stoichiometry in irradiated and unirradiated regions of the target,
consistent with the stoichiometric film that was deposited under these high-
Ej? conditions. RBS and SIMS also were used to measure film stoichiometry
for 0.2 < Ep < 4.4 J/cm2, with results shown in Figs. 4 and 5. HoBCO (YBCO)
films were found to be deficient in Ho (Y) for low E$, but were stoichiometric
for Ej? > 0.4 (0.6) J/cm2.

Geohegan et al. [1988], observed that the onset of stoichiometric
deposition coincides quite closely with the threshold fluence for formation of
an intense laser-generated plasma just above the target surface. For YBCO the
fluorescence from the laser ablation "plume" was faint orange (in vacuum)
for Ej? < 0.6 J/cm2, deposited films were non-stoichiometric (Fig. 5), and the
target appeared shiny and metallic after repeated irradiation, with its
stoichiometry and morphology indicating an evaporative process (Fig. 4).
However, for EQ > 0.6 J/cm2, a bright white plasma emission was observed
from the target surface, films were stoichiometric, and the target was deeply
grooved (Fig. 4). Thus, this bright plasma emission is a useful indicator of the
onset of the plasma-mediated laser-target interaction that preserves
stoichiometry in film deposition. The plasma is formed when the initial part
of the laser pulse evaporates some vapor; this vapor then can absorb laser
energy in the presence of seed electrons (as described in more detail below). It



is believed that the resulting plasma effectively screens the target from the
remainder of the laser pulse [Nemchinov, 1970], absorbing laser energy by the
inverse Bremmstrahlung process. The plasma becomes hotter and expands
away from the target surface at initial velocities > 106 cm/s. For nanosecond
laser pulses, the plasma is self-sustaining throughout the laser pulse, being
continuously fed material removed from the target by plasma erosion and
indirectly controlled by the laser energy input. Time-resolved fluorescence
measurements [Geohegan et al., 1988] show that the plasma does not
extinguish and re-initiate for nanosecond pulses but is continuously present.
The very bright emission from the target surface reaches a peak during the
laser pulse and then dies out exponentially.

Angular Distribution of Film Thickness and Composition

Several groups have used RBS measurements (He+ backscattering) to
determine the angular variation of PLD film thickness and composition, by
stepping the RBS analysis beam along a diameter of a film deposited in
vacuum. RBS determines the amount deposited in a fixed area (the He+

beam diameter) rather than the ablation flux, 1(0), into a constant solid angle.
At an angle 8 and distance r = A/cos 8 from the target, where A is the target-
substrate separation (see Fig. 6), the measured film thickness contains factors
of cos28 (for the increased area dAjj = r2 d£2 = A2 d£2/cos20 at distance r) and
cos8 (for the inclination of the measured area on the substrate,
dA = dAfl/cos8). Consequently, a factor of cos30 must be deconvoluted from
the measured thickness variation to obtain the true angular dependence of
emission, 1(0). Other sources of angular broadening may include the finite
size or shape of the focused laser spot, relative to A, and rotation of the target,
if very rapid [Venkatesan et al., 1988].

Figure 7 shows the thickness and composition variation versus
deposition angle for YBCO at EQ = 1.5 J/cm2 [Venkatesan et al., 1988]. Two
distinct regions are present in the deposit: One is stoichiometric and strongly
forward-peaked (varying more rapidly than cos118), the other
nonstoichiometric and varying slowly with angle. The slowly varying
component of film thickness was fitted to a cos0 function (after correcting for
the cos30 factor), consistent with thermal evaporation; its lack of
stoichiometry also is consistent with evaporation. Venkatesan et al. found
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that the laser Ejj is critical in determining the relative amounts of the two
components, as shown in Figure 8. At their lowest Ejj ~ 0.5 J/cm2 the
stoichiometric component almost vanishes. An extrapolation of the central
film thickness plotted vs the logarithm of Ejj suggests a threshold of 0.4 J/cm2

for the strongly forward-directed process. These results are completely
consistent with the observation of Geohegan et al. [1988] that the threshold Ej?
for stoichiometric deposition coincides with formation of an intense laser-
generated plasma (see Figs. 4 and 5).

Neifeld et al. [1988], carried out similar studies for PLD YBCO, SmBCO,
and Bi4Sr3Ca3Cu4Ox films. The SmBCO films were Sm-deficient for Ej? < 2
J/cm2, but were stoichiometric for all EJJ > 4 J/cm2, as were Bi4Sr3Ca3Cu4Ox

films; however, YBCO was systematically low in Ba and Cu. The angular
variation of thickness was found to be ~cos108 for SmBCO films deposited at
2-3 J/cm2, and even more strongly forward-peaked for Ejj ~ 14 J/cm2. Most
interestingly, a SmBCO film deposited at Ej? = 5.8 J/cm2 was found to be
stoichiometric independent of the deposition angle (unlike Fig. 8) out to
angles > 30°. Thus, film stoichiometry appears to be insensitive to laser
fluence and independent of angle, at sufficiently high Eg. The authors suggest
that an evaporative (~cos6) component may be present, but is swamped out
by the intense, forward-peaked component under these conditions.

The model suggested by these results is that two different mechanisms
for transferring material are active during PLD. One is the primary ablation
process that produces a strongly forward-peaked beam of material and near-
stoichiometric films, but requires high laser Ep. The other is the secondary,
evaporative process that dominates for low Ej?, but produces
nonstoichiometric films with a ~cos48 thickness variation. One practical
consequence of this is that it is important to pass the laser beam through an
aperture before focusing it with a lens, in order to produce a focused spot with
well-defined Ejj. The fringes of an excimer laser beam (for example) generally
do not focus well and can be expected to increase the evaporative component,
as well as the number of particles found on films. It seems likely that the two
components also have different time dependences, the stoichiometric
(ablative) component being deposited first, with at least part of the
evaporative component deposited later as the target cools. For growth of
multicomponent films, the experimental challenge clearly is to make the
primary ablation process dominant and to take advantage of its beam-like
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characteristics. We now briefly describe theoretical models that have been
developed to aid in understanding how the primary PLA process occurs.

Physics of the PLA Process

The description presented here is based on a model developed by Singh
et al. [1990a, b]; on studies by Kelly [1990] and by Kelly and Dreyfus [1988a, b];
on photoacoustic measurements by Dyer et al. [1992]; on the close analogy
between the expansion of a PLA-generated plasma and the expansion of a
supersonic molecular jet [Zheng et al., 1989; Saenger, 1991]; and, on recent
experimental work by Geohegan [1992a, b] in which the temporal and spatial
evolution of PLA plasmas was imaged directly.

Singh [1990a] modeled PLA as occurring in three sequential time
regimes:

(1) initial interaction of the laser beam with the target, resulting in
evaporation of surface layers; (2) absorption of laser energy by this
continuously evaporating material, resulting in sustained plasma formation
and isothermal plasma expansion; and (3) highly anisotropic adiabatic
expansion of the plasma, which produces the principal characteristics of PLA
beams and of PLD films. The first two regimes exist during the duration of
the laser pulse; the adiabatic expansion regime begins when the pulse
terminates. Evaporation of the target is considered to be thermal, while
absorption of the laser beam by the evaporated material and the subsequent
plasma expansion are responsible for the distinctly non-thermal
characteristics of the species found in PLA beams.

The process of initial heating of the target, leading to evaporation, can be
modeled in great detail by finite difference numerical methods, taking into
account the temperature- and time-dependences of the target's thermal and
optical properties, as well as the laser beam parameters (pulse shape, fluence,
and duration). However, since only the evaporation rate of material is
needed in order to describe the subsequent process of laser energy absorption
by the plasma, it is simpler to apply energy balance considerations to calculate
the evaporation rate as a function of laser and target material parameters
[Singh et al, 1990a, b]. The energy deposited in the target by the laser beam not
only evaporates surface layers, but must supply the heat conducted away
through the bulk of the target and (later) the energy absorbed by the plasma
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and conducted through it to the target. Hence, there is a threshold energy
density, Eth, for appreciable evaporation, and Eth will vary with EQ if the
losses do. The evaporative heat balance equation is

Axt = ' l -R) (Ep-Eth) / (AH + CvAT), (1)

where R is the (average) target reflectivity, and Axt, AH, CV/ and AT are the
evaporated thickness, volume latent heat, volume heat capacity, jnd
maximum temperature rise of the target. This equation is valid if the laser
beam's absorption length, I/at, m the target material is short compared with
the thermal diffusion distance, (2 DtX J1/2, during the laser pulse, where Dt is
the target's thermal diffusivity and t the pulse duration. It is valid for UV
photons (e.g., pulsed excimer lasers) incident on both metallic and moderate
bandgap semiconductor targets, but fails for polymers and wide bandgap
ceramic insulators. The principal weakness of Eq. (1) is that it implies a linear
increase of the evaporated thickness with E$, as if the material parameters
were independent of Eg. However, nonlinear behavior does occur, both due
to the onset of plasma losses and to changes in target properties (e.g., its
reflectivity upon heating and melting). Nonthermal sputtering of species
also is ignored by Eq. (1), despite evidence of its fundamental importance for
Ej? values near the ablation threshold. These gross omissions and
simplifications are justified only by the fact that they do not alter the most
important characteristics of PLA beams for film growth, which are formed in
subsequent steps.

The initial stage of laser heating results in thermal emission of neutral
atoms, ions, and electrons from the target surface [Ready, 1971]; other
nonthermal processes probably also contribute [Kelly and Dreyfus, 1988a,b;
Nakayama et al., 1984]. The ionized fraction of species is modified from
strictly thermal values by a variety of collisional-, photo-, and thermal-
ionization mechanisms. These species than are heated further by absorption
of laser energy. The mechanisms involved in laser heating, as a function of
the neutral/ionized ratio, have been extensively studied in experiments and
calculations for high-temperature laser-generated plasmas (see Ready [1971]
and Singh et al. [1990a]). For low electron and ion concentrations and high
neutral atom densities, the electrons are able to absorb laser photons during
free-free transitions that occur during collisions with neutral atoms. As the
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absorption coefficient increases, much more efficient free-free transitions
mediated by collisions with ions take over. The dominant heating
mechanism in the resulting plasma is electron-ion collisions, which provide
the resistance to the currents that are induced by the optical-frequency fields
of laser photons [Ready, 1971; Singh, 1990a]. The plasma absorption occurs by
the inverse Bremsstrahlung process, with a plasma absorption coefficient

a p = 3.69x 108(Z3nj2 / T«-5V3) [ 1 - e x p ( - h v / keT) ] , (2)

where Z, ni, and T are the average charge, ion density, and temperature of the
plasma and v is the laser frequency [Singh, 1990a].

Equation (2) reveals several important features of the plasma absorption
process. First, since a p ~ ni2, laser energy is absorbed only close to the target
where ion densities are high. However, it is important that the incident laser
frequency, v, be higher than the plasma frequency, Vp, or else the incident
laser energy simply would be reflected by the plasma. For a KrF excimer laser
(K = 248 nm), v = 1.21 x 1015 Hz, while the electron density required for vp = v
is ~ 1.8 x 1022 /cm3. This very high (near-metallic) electron concentration
ensures that reflection losses are negligible at excimer laser frequencies. The
[1 - exp ( - h v / ke T )] term in Eq. (2) represents losses due to stimulated
emission [Singh, 1990a]; its main effect is to modify the T- and v-
dependencies of otp, depending on whether the plasma is very hot ( h v «
ke T ) or cool ( h v » kB T ). In the low-T limit, this term becomes unity and
a p ~ T -°-5 v "3, while for a hot plasma the last factor in eq. (2) becomes [ h v /
ke T ] and a p ~ T -1-5 v '2. The plasma absorption coefficient, Eq. (2), controls
the heating of evaporated species; however, its complex dependence on laser
parameters, plasma ni and T, and target material properties led Singh [1990a]
to develop an approximate method of calculation in which each parameter is
considered to be a function of temperature and Ej? only. Consequently, the
plasma temperature T is controlled by the laser Ej? in the model calculations.

Figure 9 shows the four spatial regions used by Singh et al. to model the
laser-target interaction during the duration of the laser pulse. The target
consists of a heated but otherwise unaffected bulk region, and a thin,
evaporating near-surface region that feeds material into the plasma. Because
the outer edge of the plasma expands at very high velocity, the electron and
ion densities decrease rapidly with distance from the target. Consequently,
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the plasma is effectively transparent to the laser beam at large distances from
the target. Only in a thin region near the target surface is energy absorbed
during the laser pulse. Thus, a dynamic steady state exists during the laser
pulse, in which a thin region of plasma just above the target surface
continuously absorbs laser energy, which is converted into the thermal
energy used for evaporation and the kinetic energy of the expanding plasma.
This region can be seen directly in Geohegan's [1992] temporally and spatially
resolved plasma-imaging studies (see below). Because of the small spatial
extent of the absorbing region, it can be characterized by an isothermal plasma
temperature; this temperature is governed by the mechanisms of the
absorption coefficient [Eq. (2)], conduction to the target (material evaporation),
and kinetic energy loss (plasma expansion). Several authors have suggested
that a self-regulating balance between these mechanisms exists near the target
surface during the laser pulse. For an initial plasma expansion velocity of 106

cm/s, the spatial extension of the plasma at the end of a 30 ns laser pulse is
~0.3 mm. Because the thermal diffusion time over these dimensions in a
dense plasma is significantly less than its expansion time, the assumption of a
uniform plasma temperature is justified [Ready, 1971; Haught and Polk, 1966;
Singh et al., 1990a]. Because the plasma volume remains small (< 10"3 cm3)
during the laser pulse, radiative (T4) losses are negligible for the relatively
low temperatures typical of PLD plasmas. Similarly, electron-ion collisions
are sufficient to produce a common plasma temperature under PLD
conditions. The overall picture is of an isothermal plasma, continuously
absorbing laser energy close to the target while being fed evaporating material
at its inner surface, and simultaneously expanding outward.

The very high expansion velocities of the plasma into vacuum result
from the large density (and therefore pressure) gradients that are initially
present at the outer (vacuum) edge of the plasma. Dyer et al. [1992a] have
used a fast photoacoustic technique to record the stress waves generated in a
YBCO target by the ablating material, in order to obtain directly the time
evolution and magnitude of the surface pressure generated by laser ablation.
They found that ablation commences quite early in a ~20 ns (FWHM) KrF
laser pulse, and that large transient pressures ~400 atm are created using Eg ~ 2
J/cm2 . The lowest Ej? for which pressure pulses were detected was
-50 mj/cm2. Dyer et al., modeled the heat flow and temperature rise in the
target, using realistic values for the laser absorption length and thermal
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diffusion length. They found that the pressure pulse threshold E<?
corresponded to a surface temperature ~1300 K, consistent with the onset of
melting of YBCO (non-congruent Tm ~ 1280 K). Thus, the first detectable rise
in vapor pressure probably is due to release of oxygen upon melting.

Dyer et al. [1992a], also used an equation that relates the material
removal rate to the surface pressure, and combined their pressure data with
the etch-threshold measurements of Inam et al. [1987], to deduce an average
mass for ablating species of ~1000-2000 amu. This corresponds to a cluster
size of ~1.5-3.0 YBa2Cu3C>7 units. Since evaporation of such large clusters is
improbable, this provides strong experimental support for "explosive"
material-removal models that have been proposed to explain stoichiometric
transfer [Venkatesan et al., 1988; Otsubo et al., 1990; Singh et al., 1990c].
Surface evaporation can only extract heat to a depth ~(Dt)1/2 in a time t.
Consequently, under conditions of transient heating of a melt layer and
distributed power deposition (finite absorption coefficient), subsurface liquid
regions are expected to become more strongly heated than the surface [Otsubo
et al., 1990; Singh et al., 1990c]. The liquid then is superheated, in that its local
pressure is determined by a surface vapor pressure that is lower than the
equilibrium pressure that would exist at its actual temperature. However,
when some maximum superheating temperature is reached the metastable
superheated liquid no longer can sustain tensile forces, vapor bubbles
nucleate (in order to extract heat by vapor bubble growth), and explosive
boiling and dissembly of the liquid occur [Dyer et al., 1992a]. This leads to the
view that material can be ablated by a volume—not surface—process of
growth of the vapor phase, resulting in rapid expulsion of material.
Stoichiometric transfer of material will result from this volume process,
provided that the laser fluence is sufficiently above the boiling threshold
fluence that the material contributed by explosive boiling dominates that
from subsequent thermal evaporation, as the surface cools at the end of the
laser pulse.

However, it also was suggested [Dijkkamp et al., 1987; Dyer et al., 1992a]
that if several YBCO molecules are ablated initially as a unit, their optical
properties should be similar to bulk YBCO and they should continue to absorb
energy from the incoming laser beam and be further fragmented. This leads
naturally to a picture in which the energetic atoms and ions that are detected
spectroscopically in the plume are generated from material that is initially at
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the front of the ablation plume, while material ablated near the end of the
laser pulse may be shielded somewhat by the plume, perhaps permitting
clusters or droplets to persist intact in the later plasma expansion. Indeed,
high-speed photography [Eryu et al., 1989; Geohegan, 1992c], and optical
absorption and ion probe measurements [Geohegan and Mashburn, 1989]
show that both "fast" and "slow" components are present in the plume (see
below). The slow component shows up as "particles" on the surface of PLD
films.

In Singh's model the initial plasma density is ~1019-1020 cnr3;
consequently, mean free paths are short and the plasma can be modeled as a
fluid, using the equations of gas dynamics to simulate its expansion. Singh et
al [1990a] assumed an exponential decrease in plasma density with distance
from the target surface, and a linearly increasing amount of evaporated
material during the laser pulse duration. Following Dawson et al. [1969] they
also assumed a linear increase o( velocity with distance from the target
surface, in order to maintain the Gaussian density profile, as illustrated in
Figure 10. The relationship between density and pressure was assumed to be
the ideal gas law, P = nksT. By combining the equations for pressure and
velocity with the continuity equation and the equation of motion, Singh et al.
[1990a], arrived at an expression for the plasma dimensions during the laser
heating period:

X(t) {(1/t) dX/dt + d2X/dt2} = Y(t) {(1/t) dY/dt + d2Y/dt2} (3)
= Z(t) {(1 /t) dZ/dt + d2Z/dt2} = kBT/M, (t < t )

where X, Y, and Z are the Gaussian widths of the expanding plasma (see
Fig. 10), T is the plasma temperature and M is an average mass.

The main value of Eq. (3) is that it explains the highly anisotropic,
forward-directed plasma expansion. Eq. (3) shows that early in the plasma
expansion, when the expansion velocities (dX/dt, etc.) are low, the
acceleration is inversely proportional to the initial plasma dimensions. The
transverse dimensions are given by the laser spot size (typically 2-3 mm) but
in the perpendicular direction the plasma dimensions are only tens of
micrometers. Consequently, the initial acceleration is very high
perpendicular to the substrate, decreasing as the velocity increases, resulting
in the characteristic elongated PLA plasma shape.
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The final, adiabatic plasma expansion stage occurs after the laser pulse
terminates. In the model of Singh et al., it is assumed that there is no
evaporation of material into the inner edge of the plasma during this stage, so
the plasma continues to expand with its density (or pressure) described by
Gaussian widths X, Y, and Z. The plasma dimensions and temperature
(assumed not to vary spatially) then are related through the adiabatic
equation of state,

T [ X(t) Y(r) Z(r) ] Y-l = constant, (4)

where y = C p /C v . Thus, thermal energy is converted into kinetic energy as the
expansion velocity increases. The maximum attainable velocity for an
adiabatic gas expansion into vacuum is 2 vs / (y-1), where vs = (yR T / M )l/2
is the velocity of sound [Singh et al., 1990a]; this gives about 10 times the
velocity of sound (depending on the value of y), somewhat higher than the
actual expansion velocities inferred by Saenger [1991] from an analogy with a
supersonic gas expansion (see below). By combining the previous equations
with the adiabatic equation of state and the equation of temperature, Singh
et al. [1990a], arrived at the equation governing the adiabatic expansion stage:

= Y(t) {d2Y/dt2} = Z(t) {d2Z/dt2} (5)
= (kBT/M){XoYoZo/X(t)Y(t)Z(t)}Y-l, ( t > x )

in which X, Y, Z are the plasma's Gaussian dimensions at termination of the
laser pulse (t = x).

Equation (5) also shows that the plasma's acceleration varies inversely
with its dimensions. Consequently, the highest velocities are obtained in the
direction perpendicular to the substrate surface. Through Eq. (5) one of PLD's
most striking characteristics—the relationship between the shape of the laser
spot focused on the target and the shape of the resulting film deposit—also is
explained. As shown in Figure 11, if the focused laser spot on the target is
initially longer in the horizontal direction, then the film will be elongated in
the vertical direction, i.e., the plasma becomes elongated in what is initially
its shorter dimension. An elliptical plasma with its major axis horizontal
experiences larger acceleration along the minor axis (vertical) direction,
resulting in a deposited film with its major axis vertical. Consequently, a
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laser beam that is brought to a horizontal line focus by a cylindrical lens will
produce a deposit little wider than the line focus but expanded vertically into
a long stripe [Lowndes et al., 1989].

Spatial Nonuniformities in Film Composition:
The Angular Distribution of Ablated Species

Even if E^ is chosen to deposit films with the correct average
stoichiometry, systematic spatial nonuniformities in composition can occur if
different chemical elements in the ablation plume have different angular
distributions. Although the experimental evidence is not completely clear-
cut, three recent experimental studies of YBCO films indicate that in vacuum,
and for moderate Ej? values, low-mass species (e.g., Cu) are enriched in the
forward direction, close to 0 = 0. [Venkatesan et al., 1988; Singh et al., 1990b;
Foote et al., 1992]. There also is experimental evidence that this enrichment
disappears with increasing Ej? [Venkatesan et al., 1988; Neifeld et al., 1988;
Singh et al., 1990b]. The tendency toward spatial (or angular) uniformity of
composition with increasing E$ is supported by at least two recent model
calculations [Saenger, 1991; Singh et al., 1990a]. However, Saenger [1991] has
noted that these PLD results contrast sharply with both the mass-independent
angular distributions that are typical of collision-free effusive sources, and
with the mass distributions for highly supersonic gas mixtures, which are
more strongly forward-peaked for the higher-mass components. This
observation provides the important clue that collisions can markedly change
the angular distribution in a mass-dependent way. (Kelly [1990] also pointed
out that only a few collisions per particle were needed to produce a strongly
forward-directed beam.)

Saenger [1991], developed a model for the origin of mass-dependent
spatial nonuniformities in the composition of PLD films. The model exploits
the similarity between a PLA beam and a supersonic gas jet (free jet
expansion). It is based on the idea that the extent of forward-peaking for each
mass species in the PLA plume depends on the ratio of two mass-dependent
velocities: the flow velocity, u, which characterizes the directed forward
motion, and the mean random thermal velocity, vj_, which characterizes the
transverse motion. For a single-component gas, the usual Mach number is
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defined as the ratio of the flow velocity, u, to the local velocity of sound, vs =

= u / v s = u/(7kBT/m)1/2. (6)

In a multicomponent gas the Gaussian halfwidth of the transverse velocity
distribution for species with mass mj is Vu = (2keT/mi)1/2 . The pseudo-
Mach number, M, for a multi-component gas expansion then is defined as
( 2 / Y ) 1 / 2 times the ratio of u and V{±,

M = (2/7)1/2 (u / VLL ) = (2/Y)1/2 {u / (2kBT/mi)l/2}. ( 7 )

For a single-component gas this reduces to M = M, but in a multi-component
gas the sound speed depends on the mixture's average mass, vs =
(ykT/mav)1/2, so that M ^ M and the pseudo-Mach number M is different for
each species of mass mj.

In Saenger's model, compositional nonuniformities arise when different
species have different pseudo-Mach numbers: this can occur due to the mass
dependence of either u or vy. [see Eq. (7)]. Saenger calculates the species-
dependent pseudo-Mach number by regarding the PLA beam as analogous to
a steady-state (continuous) adiabatic supersonic gas expansion. An expression
for M is derived (equation (20) of Saenger [1991]), from which its mass
dependence can be evaluated in different expansion regimes. Within the
model proposed by Saenger, the mass dependence of M turns out to be
controlled by two opposing factors:

(1) In highly supersonic gas expansions, all species have nearly the
same flow velocity [Anderson, 1974]. Consequently, heavy species have
higher Mach numbers due to their lower transverse thermal velocities,
vji ~ mf1/2 . This should result in on-axis enrichment for heavy species, if a
uniform flow velocity for all species is achieved at high laser Ep values.

(2) In weak expansions produced by low laser Eg, lighter-mass species
have a higher relative speed than heavy-mass species, hence have a higher
collision rate. In addition, for a given momentum change (e.g., in center-of-
momentum coordinates) the lighter species suffer the larger velocity change.
This factor is called the "collision rate/effectiveness effect". It leaves the
heavier species with a higher effective temperature and lower flow velocity,
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because collisions effectively cease sooner for them in the expanding plasma,
than for the lighter species. Lighter species continue to cool through
collisions and achieve a higher flow velocity. Consequently, lighter species
have higher Mach numbers under weak-expansion conditions and should be
enriched on-axis for low laser Ej?.

Saenger [1991], attributes the improved compositional uniformity of PLD
films at higher laser Eg to an incomplete transition from the weak to the
strong expansion regime. She suggests that the strong expansion limit may
not be achievable even at very high Ep, due to absorption in the PLA plume
that limits the efficiency of material removal. Although the analogy between
a PLA beam and a supersonic expansion may be imperfect, it does seem to
account for observed spatial variations in composition, and to provide
physical insight into their origin.

As was mentioned above, several groups have obtained data and used
models to describe the angular variation oi composition in PLD films, as a
function of Ej?, under vacuum deposition conditions. However, the effect of
ambient gases on the deposition thickness profile and on the angular
variation of film composition (stoichiometry) is not clear at this time (see for
example Foote et al. [1992]), despite the great practical importance of reactive
deposition. Additional experiments and modeling are needed in order to
understand the effect that collisions between the ablation beam and ambient
gas molecules have on the deposition profile and on the angular variation of
stoichiometry.

Velocities and Kinetic Energies of Ablated Species in Vacuum

Zheng et al. [1989], measured the time-dependent fluorescence from
neutral Y, Ba, Cu, and O excited states in the plume at various distances from
a YBCO target. They found that the temporal evolution of fluorescence was
accounted for if the velocity distribution for species in the plume was similar
to that in a supersonic free-jet expansion, distributed about a most probable
(or stream-flow} velocity, u. Most-probable velocities were in the 106 cm/s
range, corresponding to kinetic energies of 33 eV and 71 eV for Cu and Ba,
respectively. However, the distribution of velocities inferred from these
measurements was much narrower than Maxwell-Boltzmann, consistent
with the cooling of translational degrees of freedom that occurs when a high-
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pressure gas expands into a lower-pressure region in a supersonic expansion
[Zheng et al., 1989; Kwok et al., 1989; Cheng et al, 1991], Kelly and Dreyfus
[1988b] obtained similar velocity distributions, involving a stream-flow
velocity common to all species, from a theoretical description based on
formation of a Knudsen layer (thin collisional layer) just above the target
surface. Marine et al. [1992] also analyzed optical time-of-flight spectra
following YBCO ablation and obtained velocities of 1-5 x 106 cm/s. For UV
nanosecond ablation the velocity distribution was characterized by a common
stream-flow velocity for different-mass species. However, for IR picosecond
ablation, the velocities of charged particles were inversely proportional to the
square root of the atomic mass, as might be expected prior to development of
a common stream flow. Velocities of neutral atoms exhibited a much weaker
dependence on atomic mass, apparently determined by collisions during the
plasma expansion. Lubben et al. [1985] also measured similar velocities of
1.0-1.6 x 106 cm/s for neutral atoms and ions emitted during during KrF
(248 run) ablation of Ge targets, corresponding to kinetic energies of 40 to
100 eV.

However, Geohegan and Mashburn [1989] pointed out that in situ
monitoring by emission spectroscopy relies implicitly on production
processes in the plasma to populate excited states. Consequently, emission
may be primarily representative of these processes, without giving any real
indication of the relative density or importance of neutral and/or ground-
state species in the plume. Instead of emission, they used transient optical
absorption spectroscopy to obtain temporal profiles of non-emitting ground-
state Y, Ba, and Cu neutrals and Ba+ ions. A high-pressure Xe arc lamp
provided a narrow pulsed (~500 ns) beam of structured continuum emission
passing perpendicular to the plasma expansion. The mere observation of
absorption in these experiments is significant, since narrow atomic
linewidths normally prohibit absorption spectroscopy. However, collisions in
the PLA plasma broaden spectral features to well above spectrometer
resolution. Absorption widths of 0.5-3.0 A (FWHM) were found in the high-
density plasma region < 1 mm from the target, decreasing to 0.15-0.3 A at
distances of 0.5 to 2.0 cm. In addition to atoms and ions, significant densities
of simple oxides (YO, BaO, and CuO) were observed by absorption in the high-
density region close to the target.
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By tuning the spectrometer to the center of an absorption line and
varying the laser-pulsed lamp delay, Geohegan and Mashburn [1989] were
able to map out the temporal profile of any absorbing species as it moved
through the region being probed by the pulsed lamp. As shown in Figure 12
(top), fluorescence disappears within a few microseconds, but absorption
continues out to at least 150 us. Consequently, the velocity distribution
inferred from absorption, Fig. 12 (bottom), is broader, has its peak at lower
velocity, and reveals a second low-velocity component that is not seen in
fluorescence. The velocity profiles were not Maxwellian, but consisted of a
"fast" component (matching the fluorescence profile) and "slow" component
that appeared as a low-velocity shoulder. They suggested that the low-
velocity component may be due to Knudsen-layer formation, accompanied by
slow or backward-going material. Alternatively, the slow component may be
the evaporated species that were noted in film-growth angular distributions
(Figs. 7 and 8), since atomic densities at long times would be expected to die
off in proportion to the descending vapor pressures of the elements or their
oxides, as the target cools.

Murakami and coworkers used three different temporally and spatially
resolved methods to measure the velocities of laser-ablated species
[Murakami, 1992]. Streak camera measurements of light-emitting species
revealed two distinct components for Ej? = 0.4 J/cm2, with velocities of 5 x 106

and 6 x 105 cm/s for the first and second components, respectively [Eryu et alv

1989]. However, with increasing Ep the slower component dominated, and its
velocity increased to ~ 2 x 106 cm/s at 3.6 J/cm2. Two additional non-
luminous components of the ablation beam were detected using a time-of-
flight HeNe laser deflection technique [Murakami, 1992]. These third and
fourth components traveled with velocities of 2 x 105 and 2 x 104 cm/s. The
latter was identified with the massive particles found on PLD film surfaces,
and could be removed from the PLA beam using a crossed oxygen jet or laser
beam (as described below). All but the first component also were observed
with a new technique of laser-plasma x-ray absorption spectroscopy
[Murakami, 1992].

The work of Geohegan and Mashburn [1989] implies that the PLA
plasma is only weakly ionized for laser fluences typical of film growth: Most
atoms and ions are in ground states. The production mechanisms
responsible for plume fluorescence operate for only relatively short times
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whereas absorption measurements reveal that neutral species are present for
quite long times. These measurements, together with those of Murakami
and coworkers, also reveal a significant low-velocity ablation component that
cannot be seen by emission. This component also confirms the importance of
gas-phase collisions, since absorption could not be seen except for the line-
broadening due to collisions [Geohegan and Mashburn, 1989].

Effects of Ambient Gases on Plasma Formation and Propagation

PLD has the singular advantage, in comparison with most other growth
techniques, that it can be carried out in moderate ambient gas pressures (up to
nearly one Torr). A reactive gas is often needed during epitaxial growth to
form the correct crystalline structure or to produce required film properties.
The best-known example of the use of ambient gas is for PLD of epitaxial
YBCO films, whose superconducting properties are optimized when grown in
a background oxygen pressure of 100-200 mTorr. An ambient gas not only
reacts with species in the plume but moderates their kinetic energy through
collisions. This is potentially important for epitaxial semiconductor films
since ion beam deposition experiments have revealed lattice damage for
incident ion energies > 20-30 eV [Ageev et al., 1988; Zuhr et al., 1989]. Ablated
atoms and ions from YBCO, with initial kinetic energies of ~30-70 eV are
thermalized by collisions with 100-200 mTorr oxygen over distances of
several centimeters [Geohegan, 1992a, b]. However, the ambient gas also
scatters and attenuates the beam, causing its intensity to decay exponentially
with gas pressure and distance from the target. Consequently, there is a
maximum target-substrate separation to obtain useful reactive PLD rates. For
example, YBCO films can be grown at ~lA per laser pulse in 200 mTorr
oxygen, using KrF photons at 2.5-3.0 J/cm2 and -6.5 cm separation. Recent
studies show that ablation into ambient gases produces propagating shock
waves and expansion fronts [Dyer et al., 1990a, b; Gupta et al., 1990; Scott et al.,
1990; see Geohegan, 1992a, for references to earlier work]. Consequently, for
epitaxial film growth it is extremely important to understand in some detail
how the formation, propagation, and composition of PLA plasmas is
modified by their interaction with background gases.

Geohegan [1992a] recently produced fast, "stop-action" side-on views of
the plume expansion following pulsed KrF laser ablation of a YBCO target.
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The visible emission from the plasma plume was recorded with a gated,
intensified CCD camera system. A microchannel-plate detector provided
sufficient amplification and sensitivity to form two-dimensional images
throughout a region extending 4.5 cm normal to the target. Figure 13
compares the plasma expansions in vacuum and in 100 mTorr oxygen.

In vacuum, the plasma emission consists of two components. The first
component is stationary [Scott et al., 1990; Geohegan, 1992a], located < 1 mm
from the target, and persists for At < 2 us . This component results from
collisions between species that are ejected in the initially dense plasma
expansion region very near the target; these collisions produce a Knudsen
layer that contains stopped or backward-moving species (redeposition) [Kelly,
1990; Kelly and Braren, 1991]. (This region can be regarded as the physical
realization of region C in the model of Fig. 9.) The second component
expands nearly one-dimensionally for the first 0.5 (is, then expands freely in
three dimensions but with strong forward-peaking, with a constant leading-
edge velocity of 1.0 cm/us [Fig. 13(a)-13(f)]-

In 100 mTorr oxygen [Fig. 13(g)-13(l)], the first microsecond of the
plume's expansion is essentially indistinguishable from its expansion in
vacuum. However, for At > 1 us a third emission component appears, as a
sharp leading-edge front of greater radius of curvature, suggestive of a shock
front. During 1< At < 2 us, the second and third components coalesce into a
common front, with disappearance of the fastest component; this common
front then slows until it nearly stops ~3 cm from the target (v ~ 0.06 cm/us at
At = 8 us). This strong modification of the laser plasma's expansion dynamics
by background gas has several consequences: Total fluorescence increases,
due to increased collision rates; reactive scattering produces new gas-phase
species; the plume boundary is slowed by collisions with the background gas;
and, the amount of material transported through the gas is sharply attenuated
[Geohegan, 1992b].

A position-time (R-t) plot of the leading edge of plasma emission
(Fig. 14) confirms that in 100 mTorr oxygen the plume expansion is
unaffected for the first 1.0 us, but then slows progressively. Geohegan finds
that a classical viscous "drag" model agrees well with the R-t data for early
times and low pressures, during which time the mass of ejectants in the
plume exceeds the mass of gas displaced. However, a blast wave (shock front)
model fits best for long times and higher background pressures (Fig. 14). (The
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drag model predicts the plume eventually will come to rest; in contrast, the
shock model predicts continued propagation with R ~ t °-4, with the plume
range limited by attenuation.)

During the transition from drag to shock front formation, the plasma
has two propagating components, one faster, one slower (Fig. 13). Ion probe
measurements reveal that this two-component character is typical of plasma
expansions into lower background gas pressures, as shown in Figure 15(b)
[Geohegan, 1992b]. A single-component ion-pulse shape is obtained only for
pressures > 100 mTorr. The ion probe is a flux-sensitive detector [flux F(t) =
N(t)v(t)] that is biased to collect positive ions. Thus, the waveforms in Fig.
15(b) are representative of moving positive charge, not stopped vapor. Figure
15(a) shows the integrated total transmitted positive charge versus distance, as
a function of background oxygen pressure. The combined attenuation and
slowing of the laser plasma by background oxygen is clear. Geohegan [1992b]
found that the attenuation was described by I = a Io exp (-bd), where d is the
distance from the target. The vacuum ion flux, IO/ varied nearly as d"2, and
the attenuation coefficient, b, varied linearly with background pressure, so
that I varies exponentially with pressure. The blast wave (shock front) model
also was found to accurately describe the entire shape of the positive ion
waveforms, once single-component pulses were formed at the higher oxygen
pressures of the film-growth regime.

The results illustrated in Figs. 13-15 clearly show that gas-dynamic
effects play the dominant role in forming the main body of ejectants, and in
controlling their propagation, under typical reactive PLD conditions.

Target Modification: Cone Formation and Consequences for Film Growth

Many experimenters have noticed changes in PLD during initial pulsed
laser irradiation of a freshly prepared target surface: decreasing plume
intensity and decreasing deposition rate with increasing number of shots on
the same target location; often a gradual tilt of the plume direction away from
the surface normal toward the direction of the incident laser beam; and, an
increasing number of particles deposited per unit area of film surface. These
effects are caused by or closely associated with texturing of the target surface by
a laser beam that impinges at a large angle of incidence (measured from the
normal). As the target is repeatedly irradiated, tall columnar structures with
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conical tips ("cones") are formed, as shown in Figure 16. These cones
apparently are formed following initial erosion, accompanied on later shots
by a shadowing effect that amplifies the initial surface features
[Foltyn et al.r 1991a].

Motivated by the need for a highly reproducible deposition process,
Foltyn et al. [1991a], recently carried out a quantitative study of the effects of
cumulative laser radiation on YBCO targets. Figure 17 shows that with
increasing laser exposure (number of equivalent laser shots per site for a
stationary target) the deposition rate decreases to a steady-state value. The
asymptotic deposition rate increased linearly with laser fluence for Ej? = 2-24
J/cm2 [Foltyn et al, 1991c], but the steady state was reached in the smallest
number of shots for low laser fluence. The density of pressed and sintered
targets (ranging from 55% to 92% of single-crystal density) had no discernable
effect on cone formation and only a small effect on deposition rate. However,
unidentified target properties did cause large changes in both initial and
asymptotic deposition rates when a variety of targets were tested [Foltyn et al.,
1991a]. In agreement with other workers, Foltyn et al found that target
resurfacing (by sanding or repolishing) produced a return to the initial
deposition rate, followed by the decay illustrated in Fig. 17.

A systematic SEM study of the columnar structures (Fig. 16) showed that
their axes were aligned with the incident laser beam, at 45° to the surface
normal, and that continued laser irradiation deepened the voids between
columns, up to several hundred micrometers.

Another striking result was that variable-energy EDX spectroscopy
showed that the cones' surfaces were highly yttrium-enriched, but films
deposited from targets at various stages of cone formation all had the correct
123 stoichiometry. Thus, PLA differs fundamentally from sputtering in that
deposition remains stoichiometric even when an altered near-surface region
is formed.

Foltyn et al. [1991a], suggested that segregation of an Y-rich phase
provides a mechanism for column formation. Segregation would allow
Y-rich islands to act as "cap rocks" with greater resistance to laser
vaporization, thus protecting the shadowed portion of the target from
erosion. The decreasing deposition rate with exposure also can be explained
as due to a lower intrinsic deposition rate for an Y-rich surface.
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It seems to have been overlooked that Foltyn et al. conducted additional
experiments with a rotating target on which the laser beam was centered, so
that cones did not form. Nevertheless, Y-enrichment of the surface and a
decreasing deposition rate resulted. These experiments rule out explanations
for the decreasing deposition rate that are based simply on cone morphology,
such as increased collision losses of ablated material in the voids between
columns, or reduced effective laser fluence due to the increased surface area
of columns [Foltyn et al., 1991a]. The "cap rock" mechanism for formation of
columnar structures in PLD targets emphasizes the appropriateness of the
term "laser ablation", since the dictionary definition of ablation is "removal
by melting, vaporization, or erosion".

On the other hand, a change in plume direction often does seem to
result from formation of columnar structures. Although Foltyn et al. did not
observe this effect at 45° laser incidence angle, a "bending back" of the plume
toward the incident laser direction has been observed by others [Lowndes
etal., 1990; Venkatesan et al., 1992], The effect is pronounced and
troublesome at high (~60 degree) incidence angles, but may be much less
noticeable near 45 degrees.

Target Stabilization

The preceding discussion makes clear the practical importance of
stabilizing the ablation target's surface to obtain deposition characteristics that
are constant in time. Many groups routinely sand or polish the target in
order to obtain a "fresh" surface and then ablate the target for a fixed number
of shots prior to film growth, to get into a steady state. These procedures will
overcome the problems of initially varying deposition rate and plume
direction. However, cone formation also is implicated in an increase in the
number of particles deposited on the surface of PLD films [Lowndes et al.,
1992c; Venkatesan et al, 1992]. To avoid an increase in particles, it is necessary
to avoid roughening the target surface. This can be accomplished as shown in
Fig. 18, by bringing the laser beam to a horizontal line focus with the line
centered symetrically on the rotating target [Lowndes et al., 1990; Lowndes
et al., 1992c]. The line is raster-scanned up and down over the target to avoid
forming a depression at the center of the target. With every half-rotation of
the target the incidence direction of the laser beam is reversed with respect to
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target surface features, and shadowing effects and cones are eliminated.
Vertical scanning of the horizontal line focus also helps produce a region of
only slowly varying film thickness in the vertical direction on the substrate
heater.

Particles

The principal drawback of PLD is the presence of particles on and
embedded in the films. The particles range in size from £ 0.1 Jim to -10 \un.
However, the size, shape, and number density of particles depend strongly
upon laser conditions and wavelength, and on the target material and its
surface morphology. Figures 19 through 21 show particles in YBCO films that
were deposited using pulsed laser wavelengths ranging from -10.6 Jim to
248 nm. These figures demonstrate that films are rough, with many large
particles, when long-wavelength laser radiation is used, but are smoother,
with far fewer and much smaller particles, for UV laser wavelengths [Koren
et al., 1989].

Observations of particle morphology under different experimental
conditions suggest more than one mechanism for their production. At low
power densities, particles are irregularly shaped "particulates" that appear to
be fragments of the target. At high power densities, particles are circular with
smooth surfaces, sometimes with a "splash" pattern that indicates impact and
freezing of molten droplets. The latter are prevalent under the high-Ej?
conditions needed for high deposition rates and for stoichiometric growth of
multielement films (e.g., HTSc). Cheung [1981] used in situ mass spectroscopy
to correlate the mass spectrum of evaporants with the particle density on
films of Hgo.7Cdo.3Te evaporated with a pulsed Nd:YAG laser. With
increasing power density, mass spectra showed that molecular clusters were
present in addition to the expected elemental species, suggesting that the
clusters have a common origin with at least some of the particles.

A number of experiments have shown that the velocity of particles is
inversely related to their size (mass) [e.g., see Lubben et al., 1985]. Dupendant
et al. [1989], used a stationary slit and rotating substrate to measure the
velocity distribution in vacuum of micron-size particles produced by Nd:YAG
laser ablation of a number of metals and YBCO. They found most probable
velocities of 1-2 x 104 cm/s in all cases, with a high-velocity tail extending up
to 105 cm/s in some cases. Thus, particle velocities are a factor of 10 to 100
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slower than the velocities of ions and atoms: This difference provides a basis
for very substantially reducing the particle density in films using a rotating
velocity filter [Barr, 1969] (see below).

Aside from the effect of gas bubbles trapped in the target [Cheung and
Sankur, 1988], and the possibility of condensation from the ablated vapor
when long-pulse irradiation is used [Gaponov, 1982], there appear to be two
principal mechanisms for particle generation:

(1) A rough target surface contains numerous microcracks and loosely
attached fragments; thin crater edges, columnar structures, and deep voids
also are produced by cumulative exposure to intense laser radiation. These
features are mechanically weak; they are easily dislodged and entrained in the
explosive expansion that accompanies PLA. If they are melted by subsequent
absorption of laser radiation, circular particles result on films; incomplete
disintegration and failure to melt results in irregularly shaped particles.

(2) If laser heating of a subsurface layer takes place faster than the
material closer to the surface can be removed, then superheating of the
subsurface layer can occur. Such superheating can result in subsurface boiling
and explosive "splashing" of molten material out of the target (as was
described above). Schwartz and Tourtellotte [1969] compared the laser-photon
absorption depth, the rate of photon energy conversion to heat, and the rate
of heat removal by conduction, in order to estimate the power density needed
for splashing to occur. The required power density was in the > 100 MW/cm2

range, which is typical of PLD experiments.

Particles Minimization

In order to take full advantage of PLD's unique characteristics to grow a
wide variety of thin-film materials, it is essential to develop techniques to
minimize the number and size of particles in/on films. Particles
minimization begins with the choice of laser wavelength: Numerous
experiments indicate that the number and mean size of particles is greatly
reduced when short-wavelength (UV) radiation is used (see Figs. 19-21). The
reason that UV gives better film morphology is not that the photon
absorption length, I /a , is shorter in the UV, although this would result in a
thinner layer being ablated and a hotter plume. For YBCO, for example, I / a
varies only slightly from the near-UV to near-IR [Koren et al., 1989J. Instead,
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the decrease in particle size and number with UV-laser ablation is due to the
strong absorption of UV radiation by particles, as they are being ejected from
the target surface, with the result that they are further fragmented down to a
very small size [Koren et al., 1989]. For reasons of convenience and high
average power, pulsed excimer lasers are the current first choice in the UV.

Several "passive" and "active" approaches to particle elimination
currently are undergoing evaluation and further development:

(1) The most important passive approach to particle minimization is to
begin with a high-density target having a smooth surface. Although
deposition rate is only weakly influenced by target density [Foltyn et al.,
1991a], increased particle production definitely results from use of a low-
density target. Practically speaking, the "high density" requirement means >
90% of single-crystal density for ceramic materials such as YBCO. The
maximum target density achievable may be limited if it is necessary to leave
microcracks and pores through which gas can diffuse quickly to form a
stoichiometric target after pressing. However, full oxygen stoichiometry does
not seem to be necessary for YBCO targets (for example), since sufficient
oxygen can be added to the film during growth and cooldown. Consequently,
target densities > 95% can be used.

(2) Having initially obtained a smooth target surface by polishing, it is
necessary to maintain it by actively preventing formation of columnar
structures. This can be done by continually reversing the angle of incidence
of the laser beam on the target, so that surface irregularities together with the
shadowing effect are not allowed to develop into columnar structures. One
method for continually bringing about an incidence-angle reversal is the line-
focus scheme that was discussed in connection with Fig. 18 [Lowndes et al.,
1990,1992c]. Unequal target rotation and laser scan rates also can be used with
the "ring source" geometry (see the discussion of uniform-thickness films
below) . Finally, one can imagine using two laser entrance windows on
opposite sides of the chamber, continually switching the laser beam between
them as the target rotates [D. N. Mashburn, private communication].

(3) Cheung and Sankur [1988] have pointed out that the ultimate
smooth, featureless target is a liquid. For Si, Ge, a few metals, and a few
dielectrics, the equilibrium vapor pressure is sufficiently low at the melting
point that the deposition rate can be controlled by pulsed laser irradiation,
with negligible thermal evaporation. Because the target is liquid, the surface
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remains smooth, deposition conditions are unchanging, and there are no
particles.

(4) Because massive particles travel much more slowly than ablated ions
and atoms, they can be eliminated, in principle, by a mechanical shutter that
is open for fast species but closes before slow-moving particles arrive. Lubben
et al. [1985], used a shutter to substantially reduce the particle density in Ge
films, and to measure the number and size of particles as a function of their
arrival time. However, a simple shutter does not appear to be practical for
film growth because the fastest particles cannot be eliminated without
significantly reducing the flux of useful atoms and ions. However, a rapidly
rotating, multi-vaned velocity filter [Barr, 1969] of the type illustrated in
Fig. 22 [R. Edwards and A. Pique, 1992] appears to be practical. The rotating
multi-vaned wheel only transmits species whose velocities exceed NfL,
where N is the number of vanes, f is the rotation frequency in Hz, and L is the
vane length. Experimental results (Fig. 23) reveal a very encouraging
reduction (approximately an order of magnitude) in the particle density on
films. Even more efficient velocity filters currently are being tested, using
higher-speed vacuum-compatible motors; further significant reductions in
particle density are expected [Venkatesan et al., 1992]. The only experimental
requirements to use this type of velocity filter are sufficient space between the
target and substrate, and compatibility with the hot environment near the
substrate heater.

(5) Several investigators have removed slow-moving particles by
intersecting the ablation beam with a second, crossed and delayed, beam that
either destroys or pushes aside the particles. Koren et al. [1990], demonstrated
reduction in both the number and size of particles in films grown by Nd:YAG
(1.06 (im, 10 ns) ablation of YBCO, when they irradiated the Nd:YAG ablation
plume with a 1 |xs-delayed KrF (248 ran, 30 ns) laser beam parallel to and 1.25-
2.75 mm above the target surface. This experiment confirmed an earlier
hypothesis [Koren et al., 1989] that absorption of UV radiation produced
further fragmentation of particles within the plume, and is responsible for
the smoother films and lower particle densities that are associated with the
use of UV lasers. They also noted an approximate doubling in size of the
visible plume when the second laser beam was present, clear evidence of
coupling the second laser's energy into the plume. The superconducting
properties of YBCO films grown by pulsed Nd:YAG (1.064 îm) laser ablation
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at a (non-optimally low) temperature of 650°C also were improved when
ablated particles were irradiated with a second, crossed and delayed fourth
harmonic (266 run) laser beam, at distances of 0-1 mm from the target [Chiba
et al., 1991; Eryu et al., 1991; Murakami, 1992]. A crossed oxygen jet from a
pulsed supersonic valve also significantly reduced particle density and
improved YBCO films [Eryu et al, 1991; Murakami, 1992]. The principal
problem in using a crossed UV laser beam for particle reduction is that it
must be present for all of the time required for slow-moving particles to pass
a given point, if really significant particle reduction is to result.

(6) Kennedy [1992] demonstrated a novel, simple method to eliminate
particles: off-axis laser ablation, analogous to off-axis sputtering. In off-axis
ablation the pulsed laser beam strikes an upward-facing target at normal
incidence. The substrate heater was mounted above, but facing away from,
the target, within the plume but to one side of center. This geometry
capitalizes on the fact that massive particles travel in nearly straight line
trajectories, essentially unaffected by collisions in the plume or with ambient
gas. Thus, particles either pass by the substrate heater or are blocked by it.
Kennedy [1992] found that very smooth films (± 50 A over 200 urn lateral
distance) and superlattice structures could be grown by this method. Its
principal drawbacks are a decreased deposition rate (by about a factor of three,
according to Kennedy) and nonuniform film thickness. However, uniform
thickness could be obtained by translating or rotating the substrate heater (see
below).

(7) Gaponov demonstrated two gas-dynamic methods to separate
macroscopic particles from laser-generated plasmas used for film deposition.
With both methods the idea is to establish a collision region between two
beams of evaporants, with the evaporant used for film growth being deflected
or reflected to the substrate and the particles traveling straight ahead. Both a
heated reflecting screen [Gaponov, 1981], and two colliding beams of ablated
material [Gaponov, 1982], were used. Again, to obtain uniform-thickness
films over a large area by these methods probably would require translating or
rotating the substrate.
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Growth of Uniform-Thickness Films

The cosn8 angular distribution of ablated material initially was regarded
as a disadvantage of PLD, because uniform-thickness films were obtained only
in a small region in the forward direction. However, as understanding and
control of the PLA process have improved it has been recognized that a
strongly forward-peaked distribution can be exploited to advantage. Several
groups have demonstrated that one can introduce relative motion of the laser
spot and the substrate, in order to "paint" the substrate with the ablation
plume and produce a highly uniform deposit.

One approach is to use both a rotating substrate heater and rotating
ablation target with parallel rotation axes, but with the laser spot (or the target
itself) offset from the heater's rotational centerline by an amount p [Erington
and Ianno, 1990; Foltyn et al., 1991; Lowndes et al., 1992a; McCamy et al.,
1992a], as shown in Fig. 6. The deposition rate is greatest at the plume's center
(~p away from the heater's centerline) but this is compensated by the short
residence time in the plume of points near the rotating substrate's periphery.
By adjusting the ratio p/A, where A is the target-substrate separation (see Fig.
6), the deposition thickness profile can be varied continuously from a central
peak to a central minimum (saddle shape). Fig. 24 (top) illustrates that this
"offset plume" geometry produced epitaxial ZnS films that were completely
uniform (±1%) in thickness over ~75 mm2, with good thickness uniformity
(±3%) over -300 mm2 [Lowndes etal., 1992a; McCamy et al., 1992a]. Cones
may develop on the target surface when the focused laser spot is off-center. A
solution is to use a line-focused laser spot that is carefully centered on the
target with the target's rotation axis also offset from the heater's. The plume
then will be elongated in the direction perpendicular to the line focus (see Fig.
11) and adjustment of p/A for the most uniform film thickness can be done
empirically. Although the small size of the ablation chamber limited the
maximum deposition area in the experiments of Fig. 24 (top), modeling
shows that the "offset" geometry can be scaled-up almost arbitrarily, so long as
deposition occurs in vacuum or a sufficiently low-pressure ambient that gas-
phase collisions do not stop the ablation beam [Lowndes et al., 1992a; McCamy
et al., 1992a].

A second "geometrical" approach to uniform film-thickness involves
scanning a tightly-focused laser beam around a nearly circular path near the
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outer edge of a disc-shaped or annular target, thus simulating a "ring source"
of ablated material [Dubkov, 1982]. Such a scan can be achieved by reflecting
the pulsed laser beam from a rotating mirror mounted on a finely adjustable
tilt stage, or by using a pair of orthogonal beam-scanning mirrors [Lowndes,
1992a]. By using a long focal length lens the variation in laser Ej? due to
scanning can be made negligible. By adjusting the ratio p/A (where p now is
the radius of the ring source) the deposition thickness profile is controlled.
Figure 24 (bottom) shows that film thickness was easily held constant to
within ±5%, but could have been more uniform over a larger area, had a
larger p been used to produce a slightly saddle-shaped thickness profile. (The
maximum value of p was limited in these experiments by the outer radius of
a target that was too small in relation to the A needed to avoid hitting the
edge of the heater with the laser beam.) "Racetrack"-shaped (annular)
ablation targets may be the most economical for large-scale applications of the
ring-source geometry. Cone formation on the target can be avoided by
choosing the target rotation and laser scan rates so that the target has rotated
180° when the laser returns to any given spot [Lowndes, 1992a].

As an example of the thickness uniformity that can be obtained with
PLD, we note that Gaponov and coworkers have designed multilayer mirrors
and other selective optical elements for soft x-rays and fabricated them by
PLD. Optimized multilayer mirrors used "high Z-low Z" pairs of materials
such as W-C, Ag-C, Au-C, or Cr-C [Gaponov et al., 1984]. PLD conditions were
determined to permit uniform-thickness films to be grown, and both flat and
spherical multilayer mirrors were fabricated for use with x-rays of wavelength
X = 30-200 A [Akhsakhalyan et al., 1984], though few details of experimental
methods are given.

Scaleup

Demonstrations of PLD's unique capabilities in laboratory-scale
experiments have created interest in the possibility of commercial scaleup.
The principal problems to be solved in scaling up PLD are (1) uniform
substrate temperature over a large substrate area, (2) uniform film thickness
and composition over this area, and (3) high deposition rate. Several groups
recently demonstrated scaleup meeting these objectives, for several different
materials [Foltyn et al, 1991; Greer et al, 1990,1992; Pompe et al., 1992].
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Most laboratory-scale PLD experiments have relied on substrate heating
by conduction, bonding the substrate directly to the heater face with silver
paste (or similar). This is unacceptable for large-area substrates at elevated
growth temperatures because the bond often fails catastrophically due to
differences in thermal expansion. Other problems are the difficulty of
obtaining uniform thermal contact over a large area, and increased
outgassing. Both Foltyn et al. [1991] and Greer [1990, 1992] have developed
purely radiative approaches to substrate heating by partially or fully enclosing
the substrate in a vacuum oven. The design used by Foltyn (see Estler [1991]
for details) suspends the substrate on a ceramic-supported faceplate within a
cylindrical "oven", with the substrate heated from behind by three quartz
projection lamps. Greer's oven uses Pt resistive heating elements located
above, below, and around the substrate, together with stainless steel heat
shields that are placed behind the Pt heaters to confine the heat and reduce
thermal losses. Both arrangements keep the substrate's backside clean and
free of contaminants during frontside deposition, so that epitaxial films can
be grown on both sides of the substrate with little effect on film properties
[Foltyn et al., 1991; Greer, 1992]. A minor disadvantage of these vacuum
ovens is that the substrate temperature and temperature uniformity cannot
be measured directly, but are estimated to be ±20°C at an average temperature
of 750°C.

Foltyn's PLD system uses the offset geometry described above. The laser
spot (and plume) are fixed in space, about 7.5 cm away from and 5 mm in
from the periphery of a 5-cm diam substrate, with the target rotating. YBCO
film thickness uniformity better than ±10% was obtained routinely for 5-cm
diam (~20 cm2) substrates, and thickness uniformity of ±3% was obtained
under special conditions [Foltyn et al., 1991]. Superconducting film properties
were excellent: Tc > 90 K and Jc (77 K, H = 0) -2.5 MA/cm2. Greer's system is
shown in Figure 25. A rotating substrate is located 12.7 cm above a horizontal
target. The focused laser beam is raster-scanned with longer dwell time at
larger substrate radii, to obtain good film thickness uniformity. The scanned
laser beam has several advantages: (1) a fixed laser beam slowly etches a
groove into a rotating target, altering the direction of the ablation plume as
cones are formed; (2) compositional changes may occur in the plume as the
etched pit forms; and, (3) target material is used efficiently. Greer [1990]
obtained YBCO film thickness uniformity of ±3% and ±5% over 5-cm and
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7.5-cm diam substrates, respectively, with good superconducting properties
for films deposited on both sides of 7.5-cm diam substrates [Greer, 1992].

The effect of high PLD rates on film quality was examined directly by Wu
et al. [1990a, b], who prepared epitaxial YBCO films on (001) SrTiO3 at
deposition rates of 1 to 145 A/s (> 50 um/h). RBS of 2.2 MeV He+ ions in the
channeling mode was used to evaluate film crystallinity; superconducting Jc

measurements also were made. The backscattering minimum yield Xmin ~
3% at low deposition rate increased gradually to Xmin ~8% at 70 A/s, then
jumped to Xmin ~ 15% for deposition rates up to 145 A/s [Wu et al., 1990a].
However, even the latter Xmin value indicates epitaxial growth and good
crystallinity. JC(T = 77 K, H = 0) was constant at ~4 MA/cm2, and the Jc

behavior in fields up to 8 T also was unaffected, though extra growth defects
were found in films grown at the higher rates [Wu et al., 1990b].

A useful figure-of-merit when considering scaleup is the product of film
area and deposition rate for a laser of given output power. Wu et al. [1990],
obtained -520 A-cm2/s using a 30 W (300 mj, 100 Hz) XeCl laser; Foltyn et al.
estimate that ~600 A-cm2/s can be obtained for the same laser. Greer's films
were deposited at > 100 A-cm2/s (~1 A/s for 30 Hz and 1 J/cm2). The 600
A-cm2/s figure-of-merit corresponds to 20 A-cm2/s per Watt of laser power.
Excimer laser manufacturers currently are delivering lasers in the 100-200 W
range, and testing experimental lasers up to 750 W. Use of the latter projects
to a PLD rate of 1.5 |am-cm2/s. Such a rate appears difficult to achieve with
other deposition technologies.

On the other hand, if we assume that epitaxial film-growth rates must be
limited to ~50 A/s in order to maintain relatively high crystalline quality,
then 2.5 W of laser power are required per cm2 of substrate. A 250 W laser
should be sufficient to grow a l-\im thick epitaxial film over an area of 100
cm2 in about 3.3 minutes. Since laser manufacturers find that increasing the
repetition rate of an excimer laser is less costly than increasing its pulse
energy beyond 1 Joule, the optimum excimer laser for PLD probably will
operate in the neighborhood of 250-500 Hz. However, actual PLD occupies
only a small fraction of the time required to produce an epitaxial film; further
cost savings and leveraging will result from time-sharing a high-power laser
among several deposition chambers. (This mode of operation already is in
use in our PLD laboratory and works quite well.)
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These results and projections indicate that PLD can be scaled up to grow
large-area, high quality epitaxial films of complex, multicomponent
materials, at projected growth rates considerably higher than can be achieved
by existing techniques (e.g., sputtering). The fact that high-power excimer
lasers already have moved out of the laboratory and are in routine industrial
use in lithography and medicine suggests that PLD is a serious contender for
high-throughput growth of epitaxial materials.

FILM GROWTH EXAMPLES

Choice of Laser Wavelength and Beam Geometry

Cheung and Sankur [1988] have discussed a number of issues relating to
the choice of laser and PLD experimental design, so only a brief updating is
required here. The results of recent experiments on particle generation
(described above, see Figs. 19-21), as well as the film-growth examples
presented below, clearly favor the use of short-wavelength (UV) laser
radiation. UV wavelengths also are advantageous for efficient evaporation of
metals, whose reflectivity generally drops in the UV. Pulsed excimer lasers
are the best choice at present for research applications, because of their high
average power, convenience, and comparatively trouble-free long-term
performance. Projections (see above), as well as laser manufacturers' growing
base of industrial experience, suggest that moderately more powerful excimer
lasers will be used for commercial applications of PLD. Techniques for target
conditioning, and for beam-scanning and/or substrate rotation, in order to
obtain uniform films and reproducible deposition rates were described above.
For many materials, the high directionality of ablation beams makes it
possible to place the window through which the laser beam enters the
chamber at a sufficiently large angle to the ablation beam (e.g., 45 degrees), so
that window-film deposition is not a serious problem during a single
deposition run. Alternatively, the entrance window can be located far from
the ablation target, so as to subtend a small solid angle; ambient gases used in
reactive PLD further limit window-film deposition. Cheung and Sankur
[1988] have described other possible active solutions, if window-film
deposition becomes a problem.
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Epitaxial Multilayers by PLD

PLD of epitaxial multilayers is conceptually simple. A multitarget
carousel (Fig. 26) alternately places targets of different compositions in the
pulsed laser beam. Each target is rotated about its own axis during PLA to
minimize cumulative laser damage, reduce particle generation, and obtain a
readily calibrated, constant deposition rate. Target conditioning prior to film
growth, with a shutter shielding the substrate, is necessary to re-establish this
rate. In the simplest case, each target has the same composition as one of the
epilayers, so all constituent elements are simultaneously present on the
growing surface (a co-deposition process) and layer thickness can be controlled
at the unit-cell level. "Open loop" thickness control is obtained by counting
the number of laser pulses. (The laser pulse energy also may be varied to
obtain convenient rates for different targets.) "Closed loop" thickness control
is obtained using an in situ film thickness monitor (quartz crystal oscillator or
RHEED oscillation detection system). Using such techniques, many groups
have demonstrated PLD of smooth, thin films and heterostructures for a wide
variety of materials, with epitaxy maintained even after many compositional
changes. Interdiffusion between layers often is small, probably because of the
low growth temperatures made possible by the PLD plasma. However, high-
energy ablated ions can create buried point defects or extended damage that
may promote interdiffusion, or ion beam mixing that blurs interfaces [see
Zuhr et al., 1989]. A low-pressure ambient gas will moderate ion energies via
collisions [McCamy et al., 1991a, b, c]. The electrical transport properties of
PLD-grown semiconductor films and multilayers seem to have been
evaluated in relatively few cases, but can be comparable to those found in
epitaxial materials grown by techniques such as MBE [see Cheung and
Sankur, 1988].

Superlattices: Semiconductors and Superconductors

PLA has been used to grow both semiconductor and superconductor
superlattices by alternately ablating targets of two different compositions.

Gaponov et al. [1980], grew heteroepitaxial superlattices of InSb-CdTe,
InSb-PbTe, and Bi-CdTe in which the InSb potential wells and the CdTe
barrier layers were as thin as 50 A and 20 A, respectively. Mini-band structure
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in the energy spectrum of carriers, arising from the superlattice periodicity,
produced steps in the near-infrared optical absorption as well as breakdown
regions in current-voltage characteristics. Sub-band structure due to size
quantization was observed also in optical absorption and electroreflection
measurements on PLD InSb films with thicknesses of 50-100 A [Zvonkov
et al., 1979]. Gaponov et al. [1981a], grew unusual superlattices in which single
crystal InSb or PbTe layers (20-100 A thick) alternated with non-oriented
GaAs, C, or Ge layers (10-20 A thick). Mini-band structure again was observed
via optical measurements. Maintenance of epitaxy over the thin, non-
oriented barrier layers was attributed to penetration through the barriers by
high-energy (100-1000 eV) ions that arrive at the substrate prior to the main
pulse of ablated material [Gaponov et al., 1981a].

Dubowski and coworkers [1991] employed rapid switching between two
stoichiometric ablation targets in order to grow Cdo.89Mno.nTe/CdTe
superlattices. Growth rates for Cdo.89Mno.11Te and CdTe films separately
were in the range of 0.3-0.6 jim/hr and 0.8-1.6 |xm/hr, respectively, which
allowed epitaxy at temperatures as low as 200°C. Layer thickness was
controlled via the number of laser pulses, with an estimated resolution of
0.2 A for both materials. Films were smooth and featureless except for small
particles (discussed above) up to 1 urn in diameter. Epitaxial superlattices
were grown with compositional modulation periods of up to several
hundred Angstroms, and as many as 50 complete periods. X-ray rocking
curves contained superlattice satellite peaks up to the third order, while SIMS
and cross-section TEM revealed good control and reproducibility of layer
thicknesses. According to Dubowski et al. [1991], PLD-grown
Cdo.89Mno.11Te/CdTe superlattices are comparable structurally to those grown
earlier by MBE, so that PLD offers considerable promise for bandgap
engineering in the Cdi-x-yZnxMnyTe system.

McCamy and Lowndes [1992c] used PLA of stoichiometric targets to grow
epitaxial strained-layer superlattices of the form (ZnSe)m - (ZnS)n , (ZnSe)m -
(ZnSxSei-x)n / and (ZnSySei-y)m - (ZnSxSei-x)n • Superlattices were grown on
(001) GaAs with up to 65 periods (130 layers), the periods ranging from 50 A to
350 A in thickness. Epitaxial ZnSxSei-x capping and buffer layers also were
grown above and below the superlattice structures. PLD rates were monitored
in situ using interference oscillations in the reflected intensity of a HeNe laser
beam. Deposition rates were ~ 1.5-2.0 A per laser pulse, so that slightly sub-
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unit cell compositional control was achieved. X-ray diffraction (XRD) studies
of ZnS and ZnSe films grown on (001) GaAs showed that the films were fully
epitaxial (in-plane aligned) [McCamy et al., 1991a, b, c]. The optimum growth
temperature, determined from XRD rocking curve widths, was ~300-325°C.
Superlattice layer-thickness ratios were kept constant at 2:1 in order to
enhance even-order superlattice XRD peaks. Figure 27 shows clearly the
superlattice XRD sidebands for a ZnS-ZnSe superlattice grown on (001) GaAs
at 325°C. McCamy et al. [1991c], conclude that PL A is attractive for growth of a
variety of ZnSxSei-x films and multilayers, using solid sources that are
inherently carbon-free, and that structurally high quality superlattices are
relatively easy to fabricate by PLD.

Control of epitaxy at the sub-unit cell level was demonstrated by the
fabrication of YBa2Cu3O7-5 / PrBa2Cu3O7-§ (YBCO/PrBCO) superlattices by two
groups [Li et al., 1990; Lowndes et al., 1990]. These are structures in which M
unit-cell-thick layers of YBCO (M =1, 2, 3, ...) alternate with N unit-cell-thick
layers of PrBCO (N = 1 to 16 initially). The growth direction is along the c-axis
(c = 1.17 nm), perpendicular to the superconducting CuO2 (a-b) planes, as
shown in Fig. 28. Previous attempts to grow single-cell or slightly thicker
superconducting YBCO films directly on nearly lattice-matched substrates
such as SrTiO3 failed because of high defect densities in a ~10 nm-thick
transition zone close to the substrate, combined with YBCO's very short c-axis
superconducting coherence length, £c(0) ~2-3 A [Lowndes et al., 1990]. This
difficulty was overcome by growing YBCO epitaxially on nearly lattice-
matched but electrically insulating PrBCO. Because oxygen diffuses readily
through PrBCO, the in situ growth methods developed earlier for YBCO films
could be applied for superlattices. By calibrating the YBCO and PrBCO
deposition rates per laser shot, it was possible to grow structures with
superlattice periods measured by x-ray diffraction that agreed with those
calculated from the deposition rate to within a few percent. The dependence
of the superconducting Tc on YBCO layer thickness and interlayer separation
was mapped out systematically by varying the YBCO and PrBCO layer
thicknesses, with results shown in Fig. 28 [Lowndes et al., 1990; Li et al., 1990].
Similar results were obtained for YBCO/PrBCO superlattices grown by off-axis
magnetron sputtering [Triscone et al., 1990].

The superconducting properties (Fig. 28) of these compositionally
periodic, layered HTSc materials are very different from those of random
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alloys of the same average composition, since Tc goes to zero in the
Yi-xPrxBa2Cu3O7-8 alloy system for x ~ 0.5. Z-contrast TEM images of a
superlattice containing single-cell-thick YBCO layers (Figure 29) [Lowndes
et al., 1991b] show clearly that epitaxial heterostructures having sharp
interfaces, with compositional periodicity controlled on the sub-unit cell
level, result from PLD. These structures actually grow unit cell-by-unit cell
[Terashima et al., 1990; Pennycook et al., 1991] under PLA co-deposition
conditions, resulting in occasional terrace steps in the chemical continuity of
the YBCO layers (Fig. 30). The superconducting behavior shown in Fig. 28 is
believed to be intrinsic to YBCO, and is understood in terms of the varying
coupling between the YBCO layers and their reduced dimensionality when
very thin [Lowndes et al., 1990; Li et al., 1990; Lowndes et al., 1991a].

Laser MBE and Bandgap Engineering

"Bandgap engineering" [Capasso, 1985] refers to the design and
fabrication of semiconductor devices whose operation depends on achieving
a specific profile of energy bandgap (therefore composition) versus position.
Consequently, the key to bandgap engineering is the ability to grow an
epitaxial semiconductor heterostructure with the required compositional
profile. Cheung and co-workers [1983, 1986] introduced the term "laser
molecular beam epitaxy" (or "laser MBE") to describe the use of pulsed laser
evaporation (PLE) to rapidly vary the intensity of one of the beams during
MBE growth, while keeping constant the other beams (provided by
conventional thermal effusion sources). The outstanding advantage of this
hybrid form of MBE is that much faster response time can be obtained in
controlling the evaporation rate than is possible using a mechanical shutter
or variable aperture, or by varying the effusion cell temperature or e-beam
power in conventional MBE [Cheung et al., 1986]. The "digital" nature of PLE
makes possible accurate, quasi-continuous control of evaporation rate,
unfettered by mechanical or thermal inertia. The laser energy can be adjusted
so that the amount of material deposited with each pulse is a monolayer or
less. The pulse repetition rate then can be varied continuously so that any
predesignated composition profile can be achieved. Compositional
resolution of one monolayer was attained while maintaining a growth rate of
1 um/h [Cheung and Sankur, 1988]. Consequently, epitaxial structures with
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unique doping or compositional profiles can be grown, including
heterostructures or superlattices with nonrectangular barrier or quantum
well layers. For example, Cheung and Madden [1987] supplemented Hg and
Te beams (from thermal effusion cells operating at constant temperature) by a
PLE CdTe beam, in order to grow epitaxial Hgi-xCdxTe structures that contain
regions of sinusoidal or sawtooth composition and bandgap variation
(Fig. 31).

Tailored Substitution: Creation of New Materials by Laser Atomic-Layer MBE

Kawai and co-workers extended and fully implemented Cheung's hybrid
laser MBE concept by developing an all-laser MBE technique for growth of
HTSc materials [Kanai et al., 1989]. They demonstrated that when each metal
element (or its oxide) is supplied successively rather than simultaneously,
then HTSc growth occurs by the addition of two-dimensional atomic layers
[Kanai et al., 1991,1992]. This atomic layer-by-atomic layer MBE (ALL-MBE)
does require a tradeoff: The simplicity of epitaxial growth from a single
stoichiometric target is sacrificed. In return, though, film growth can be
controlled at the atomic layer, rather than unit cell, level. The limitations
imposed by thermal sources in conventional MBE also are avoided. Most
important, an opportunity is created to form new artificial phases and
epitaxial heterostructures [Kanai et al., 1989,1991; Kawai et al., 1992].

Two impressive demonstrations of ALL-MBE have been reported by
Kawai and co-workers: first, growth of epitaxial films of the HTSc "parent
material", (Ca, Sr)CuC»2 [Kanai et al., 1991]; second, fabrication of eight
different phases (n = 1-8) of the HTSc material Bi2Sr2Can-iCunO2n+4 , by
periodic insertion of atomic-scale blocking layers into the parent structure
[Kanai et al., 1989; Kawai et al., 1992].

Figure 32 shows the simple oxygen-defect-type perovskite structure of
(Ca, Sr)CuO2, which consists of an infinite stacking of two-dimensional CuC»2
layers separated by Ca or Sr ions [Siegrist et al., 1988]. The structures of the of
the Bi2Sr2Can-iCunO2n+4 (BSCCO) and Tl2Ba2Can-iCunO2n+4 (TBCCO)
superconductors can be formed by periodically inserting blocking layers
consisting of the n = 1 compound into the parent structure (Fig. 32). The
combination of one Ca(Sr)CuC»2 layer with the n = 1 compound Bi2Sr2CuC»6 (=
SrO/Bi2O2/SrO) forms Bi2Sr2CaiCu2Os (n = 2); the combination of two
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Ca(Sr)CuO2 layers with SrO/Bi2O2/SrO produces Bi2Sr2Ca2Cu30io (n = 3); in
general, the combination of (n-1) Ca(Sr)CuO2 layers with SrO/Bi2O2/SrO

results in Bi2Sr2Can-iCunO2n+4 •
Kawai and coworkers grew the "infinite layer" parent material (Ca,

Sr)CuO2 by two different methods. When all the metal elements were
supplied simultaneously from a single Cai-X Srx CuOy target (using values of
x < 0.5), RHEED intensity oscillations together with film thickness
measurements revealed that one RHEED oscillation corresponded to growth
of one c-axis unit cell [Kanai et al., 1991], i.e., growth occurred unit cell-by-unit
cell under co-deposition conditions, just as for YBCO [Terashima et al., 1990;
Pennycook et al., 1991]. In contrast, when growth took place by ablation of
separate Ca, Sr, and Cu metal targets in 10"5 mbar gaseous NO2 , two cycles of
RHEED oscillation corresponded to growth of one (Ca, Sr)CuC>2 structural
unit cell. Thus, atomic layer-by-atomic layer growth occurred, and could be
controlled at the monolayer level using RHEED intensity oscillations [Kanai
et al., 1991].

Two different methods also were used to grow the complete
Bi2Sr2Can-iCunO2n+4 (n = 1-8) phase sequence. For n = 1-5, films were grown
by ArF laser ablation of Bi2O3, SrCuOy, and CaCuOy targets for fixed times; the
deposition time for CaCuOy was increased in order to vary the number of
CuC>2 layers. X-ray diffraction measurements indicated that phase-pure
samples of the n = 4 and 5 structures could be grown at low temperatures
(~480°C), but impurity phases appeared when the temperature was increased
to ~520C. It also was necessary to use N2O gas (at 0.1-1.0 Torr) rather than O2
in order to form crystalline as-deposited films at these low film-growth
temperatures, N2O being a more active oxidizer than O2 at low temperatures
[Hashimoto et al., 1991]. However, BSCCO films for n = 4 and 5 were not
stable during air-annealing at 790°C and reverted to the n = 2 phase. Thus, it
is clear that the combination of a low substrate temperature, an active
oxidizing agent, and successive depositions of sub-units of the structural unit
cell (ALL-MBE) were needed to force a crystalline film to stabilize in the n = 4
and 5 structures [Kanai et al., 1989]. For n = 6 through 8, a different approach
was used. The required n layers ot the parent material Ca(Sr)CuC>2 first were
accumulated on a (001) SrTiC>3 substrate by ArF laser ablation of a
Cao.86Sro.i4CuC»2 target (using T = 500-630°C and ~6 mTorr O2 pressure),

layers then were periodically inserted by ablating a
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target. X-ray diffraction measurements confirmed formation of Bi2Sr2Can-
i C u n 0 2n+4 for n = 6, 7, and 8. However, these phases were not
superconducting. Kawai et al. [1991], suggest that superconductivity is absent
because growth of the parent infinite-layer material was not sufficiently
careful. Indeed, they were able to grow smooth, c-axis-perpendicular (Ca,
Sr)CuC>2 films only when Ca was partially substituted by Sr. Nevertheless, the
concepts of all-laser MBE growth, and of the assembly of artificial phases from
either atomic layers or other sub-units of the structural unit cell, clearly are
powerful tools for the synthesis of new compounds.

Epitaxial Buffer Layers and Devices

The high quality and outstanding performance at elevated temperatures
(30-120 K) of epitaxial HTSc films has generated widespread interest in
creating a new HTSc-based microelectronic technology. Initial attempts to
define an HTSc technology, and simultaneously to integrate it with existing Si
and GaAs semiconductor integrated circuit (IC) technologies, have succeeded
in identifying its most important characteristics. Lee et al [1991] pointed out
that an HTSc-based microeletronic technology must be very different from
conventional semiconductor IC technologies,, because HTSc ICs must be built
up entirely epitaxially, with successive layers aligned in both the growth
direction and in-plane (e.g., along the c-axis and the a-b plane directions,
respectively, for YBCO). A second formidable constraint comes from the
requirement that patterning be carried out to define thin film wires, electrical
contacts, electrical connections between layers, and Josephson junctions,
while preserving the properties of HTSc films or junctions for operation at 77
K or higher. These requirements have stimulated research focused on
heteroepitaxial film growth, in order to solve the materials problems that are
the key to processing multilayered epitaxial structures, and to make them
compatible with semiconductor structures.

PLD has played a central role in the effort to grow high quality YBCO
films on single-crystal Si and GaAs substrates. For Si, the principal barrier has
been reactions between YBCO and Si, which occur even at 550 °C, well below
YBCO's optimum growth temperature of 750-800°C. GaAs shares this
problem, with the further complication that the GaAs substrate itself begins to
decompose above about 400°C. For Si, Fork and co-workers effectively
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eliminated the reaction problem by using PLD to grow epitaxial yttria-
stabilized zirconia (YSZ) buffer layers, first on (001) Si [Fork et al., 1990a, b] and
later on silicon-on-sapphire (SOS) [Fork et al., 1991b]. The YSZ films were
grown by XeCl (308 nm) PLA of a YSZ target at 8-10 Hz and 0.2 A per pulse, in
0.4 mTorr oxygen at 800 °C The epitaxial YSZ layers grown on (001) Si and
(111) Si had a high degree of crystalline perfection (RBS Xmin = 5.3%) [Fork
et al., 1991a]. Native oxide was removed from the Si surface and a hydrogen-
terminated surface was produced using an ex situ treatment prior to film
growth [Fork et al, 1990a]. However, work with the YBCO/YSZ/Si system
showed that even though chemical reactions could be avoided, the large
difference in thermal expansion coefficients of YBCO and Si resulted in YBCO
films that were severely strained at and below room temperature. Thin
YBCO films were found to be under unrelaxed tensile strain and had a
distorted unit cell; thicker films were cracked with poor electrical properties.
Strain was greatly reduced by growing YBCO on YSZ-buffered SOS; the results
were that the YBCO films could be grown arbitrarily thick and their critical
current densities improved from 2.2 MA/cm2 to 4.6 MA/cm2 at 77 K [Fork
et al., 1991b].

Fork and coworkers [1990c] also have exploited the reaction between
YBCO and Si in order to micropattern superconducting YBCO lines as thin as
3 |im with Jc = 1.6 MA/cm2 at 77 K. Their procedure is to ion mill away
portions of the YSZ buffer layer; YBCO deposited on the exposed Si reacts
during PLD to form an insulator, leaving isolated superconducting YBCO
structures. The advantage is that the YBCO avoids contact with wet solvents,
etchants, and photoresist; hence, this type of in situ epigrowth/processing has
potential to fabricate operational as-grown devices [Fork et al., 1991c]. Fork
and coworkers also have developed techniques to grow epitaxial MgO buffer
layers on Si [Fork et al., 1991a] and on GaAs, the latter for subsequent growth
of epitaxial YBCO [Fork et al., 1992] and BaTiO3 [Nashimoto et al., 1992] films.

Perhaps the most impressive tour-de-force to date in applying PLD for
device fabrication is the combined work of the Conductus-UC Berkeley-
Lawrence Berkeley collaboration in fabricating SQUID magnetometers capable
of operation near 77 K [Miklich et al., 1991; Char et al., 1991; Lee et al., 1991].
From the point of view of crystalline film growth these structures are
interesting because both the dc SQUID (Josephson junction) and the flux
transformer are fabricated by an entirely epitaxial multilayer PLD technology.
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Initially, the SQUID and the flux transformer were fabricated on separate
chips and then coupled together by pressing the chips face-to-face with a thin
insulator between [Miklich et al, 1991]. More recently, Lee et al. [1991],
reported fabrication of the fully integrated, monolithic DC SQUID
magnetometer that is shown in cross-section in Fig. 33. The monolithic
design further reduces noise and improves coupling between the SQUID and
its input coil. Two versions have been fabricated, one with eight epitaxial
layers (on LaAlC>3), the other with fifteen epilayers (on yttria-stabilized
zirconia, YSZ). Four active YBCO layers are incorporated. The bottom YBCO
layer is photolithographically patterned and ion milled after growth to form
the input coil and pickup loop; the second and third YBCO layers form the
interconnect and the crossover and ground plane, respectively; together these
constitute the active layers of the flux transformer. The top YBCO layer
provides the body of the HTSc SQUID and the Josephson junctions. The
Josephson junctions are defined by epitaxially induced grain boundaries. The
bi-epitaxial junction formation process [Char et al., 1991] takes advantage of
the different in-plane epitaxial relationships between a base layer (SrTiO3) and
a buffer layer (CeO2) when a seed layer (MgO) is inserted. (Char and
coworkers [1991] also demonstrated bi-epitaxial junction formation using
other materials.) YSZ substrates were introduced because of their mechanical
strength, lower cost, chemical stability, and surface quality [Lee et al., 1991].
The multilayered CeO2/PrBa2Cu3O7/SrTiO3 buffer structure was used to
select a single one of the two different in-plane epitaxially aligned states that
are possible when c-axis-perpendicular YBCO (as well as epitaxial dielectrics)
is grown on YSZ [Garrison et al., 1991]. The trilayer SrTiO3/LaAlO3/SrTiO3
structures were introduced to take advantage of the lower dielectric constant
of LaAlO3, while retaining SrTiO3 as the best template for YBCO epigrowth.

The significance of this work is that it demonstrates an entirely epitaxial
technology based on PLD, with sufficient stability and reproducibility that
complex device structures can be fabricated by a combination of in situ and
ex situ processing. It also provides ideas regarding a general approach to the
fabrication of HTSc integrated circuits [Lee et al., 1991]. PLD's versatility and
flexibility were demonstrated by the process- and device-optimization changes
that were made, requiring epitaxial growth of a variety of materials in a single
monolithic structure. Sophisticated control of epitaxial relationships between
layers also was achieved.
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CONCLUDING REMARKS

The advantages and limitations of pulsed laser deposition have been
reviewed, with special emphasis on its unique characteristics and their origin
in the pulsed laser ablation process itself. The major advantages that
distinguish PLD from other film-growth methods are stoichiometric transfer
of material from target to substrate, a capacity for reactive deposition, and the
use of energetic species in a laser-generated plasma to enhance film growth.

Experimental methods and geometries that exploit these characteristics
for epitaxial growth also were described, as were current solutions to
particular experimental problems. Impressive progress has been made in
overcoming PLD's principal limitation, the "particles" problem, based in part
on a more detailed understanding of the PLA process. Laser beam (or
substrate) scanning, target preparation and conditioning, and use of a velocity
filter all are parts of a solution, with the precise balance depending on the
material(s) of interest. Scaleup, to deposit uniform films over large areas, has
been demonstrated, as have attractively high deposition and epitaxial growth
rates. The next generation of excimer lasers will make possible epitaxial
growth at rates that are limited only by film-growth mechanisms themselves.
Recent advances—including atomic layer-by-atomic layer construction of
artificial phases, entirely in situ growth of heteroepitaxial HTSc/ceramic
structures by PLD, and development of an embryonic hybrid
HTSc/semiconductor processing technology—accurately chronicle the
progress that has been made, and give a hint of future possibilities.

For exploratory thin-film materials research, PLD's chief characteristics
are its enormous versatility and relative simplicity. These characteristics
ensure that PLD will partially rep/ace some conventional physical and
chemical deposition methods. Through PLD's use, there already has been a
significant increase in the number of complex, multi-element materials that
can be grown as epitaxial films. PLD, in turn, still is rapidly evolving as a
technique to grow new artificial phases, to epitaxially stabilize metastable
phases, and for growth of epitaxial heterostructures. Improvements to the
PLD process can be anticipated; a currently "underdeveloped" area is the use
of a substrate-biasing voltage, and/or the energy of species in the ablation
beam, to further control and enhance film growth. Hybrid film-growth
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methods also can be expected to develop wherever PLD's unique capabilities
can be exploited (e.g., laser MBE).
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Figure 1. Concept and essential features oi a pulsed-laser deposition system.



.0

- a
a>

"a

o
c
a
y 0.5

7J
Zn(+),0(A),02(A)

FROM ZnO

O.I 0.2 0.3 0.4
ENERGY FLUENCE (J/cm2 )

Figure 2

0.5

Figure 2. Examples of atomic-emission thresholds in pulsed laser sputtering
of Zn, GaP, and InP. Above the threshold, large atomic yields (> 0.5
monolayers/pulse) are obtained, accompanied by strong collisional
interactions among the emitted atoms and Knudsen layer formation. Laser
pulse duration: 10 ns. Laser wavelength: 337 nm (Zn) and 540 nm (GaP and
InP). [Kelly, 1990]



Figure 3. SEM images of the surface of a superconducting bulk
YBCO target (a) unirradiated, (b) after 2000 pulses at 0.2 J/cm2

(Y-rich surface), and (c) after 1000 pulses at 2.1 J/cm2 (stoichio-
metric surface). A KrF laser was used. [Geohegan et al, 1988]
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Figure 9. Schematic illustration of the four regions in a model of the laser-
target interaction: (A) unaffected bulk target; (B) evaporating near-surface
target material; (C) thin, dense plasma in which laser radiation is absorbed;
(D) lower density, rapidly expanding laser-transparent outer plasma cloud.
[Singh et al., 1990a]
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Figure 10. Schematic plasma density, pressure, and velocity profiles in the
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[Singh et al., 1990a]



Figure 11. Relationship between the shape of the focused laser spot on
the target and the shape of the film deposit. [Geohegan, 1990]
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Figure 13. Intensified CCD photographs ot visible plasma emission (exposure
time 20 ns) following 1.0 J/cm2 KrF ablation of YBCO into [(a)-(f)] 1 -< 10"6 Torr
and [(g)-(l)] 100 mTorr oxygen at the indicated delay times after the iaser puise.
The target is at the top, with the 2x2 mm2 (focused) laser beam puise incident
:»t 30°, ns shown in the lower right panel. [Geohegan. 1992a]
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[Geohegan, 1992a]
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Figure 16. SUM image of cones formed by cumulative pulsed laser
irradiation of a YBCO target. [W. B. Hutchinson, Los Alamos National
Laboratory; see Foltyn et a I, 1991c]
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Figure 18. Line-focus geometry to maintain a smooth, cone-free target

surface. [Lowndes et al, 1989]



Figure 19. SEM images of YBCO films deposited using 100 pulses of TEA CO2
laser radiation (X ~ 10.6 |im) at 1.$ J/cm2: (a) short pulse (~ 40 ns FWHM) and
b) long pulse (~ 50 ns "spike" plusj ~ 800 ns tail). [Dyer et aL, 1992b]



Figure 20. SEM images of YBCO films deposited using (a) 1064, (b) 532, and
(c) 355 nm laser wavelengths, respectively- (d) shows (c) magnified by a factor
of 10. The films were deposited using the same number of laser pulses.,
fluence, pulse duration, and irradiated area on the target. [Koren et al., 1989]



Figure 21. SEM ima^e or YBCO film deposited on KTaCh using E; - I I. cm :

xrF <Z4S nm) laser radiation. [Lowndes, 1989b)
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Figure 25. Schematic of large-area PLD system. [Greer, 1992]
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Figure 26. Schematic of muititarget carousel for rapidly exchanging and

rotating PLD targets. [Geohegan, 1990]
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Figure 27. Superlattice sidebands in the XRD from a

65-period ZnSe/ZnS superlattice grown on a 3700 A thick

ZnSe buffer layer and capped with 200 A of ZnSe. The

calculated (50 A) and measured (48 A) periods agree well;

the superlattice peak assignments .come from kinematical

XRD theory by approximating the superlattice as a

(ZnSe)6-(ZnS)3 structure.
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Figure 28. (Left) Schematic showing three periods of a (M=2) x (N=4) superlattice
structure. (Right) Zero-resistance transition temperatures, TCO/ for YBCO/PrBCO
superlattices plotted versus the PrBCO layer thickness, for YBCO layer thicknesses of
M = 1 to 8 unit ceils. [Lowndes et al., 1990,1991b]



Figure 29. Cross-section Z-contrast TEM image of a slightly imperfect
nominally (M = 1) x (N = 8) ^BCO/PrBCO superlattice. The image is
tormed using Rutherford-scattered electrons, so the high-Z layers
iZpr = 59) appear brighter than the low-Z layers (Zy = 39). The separation
oi the faint vertical lines is the c-axis lattice constant (1.17 nm). [S. J.
Pennycook, Oak Ridge National IjLaboratory; see Lovvndes etjal., 1991b)



Pr123

YT7T
I 1.7 A

Pllll

Figure 30. High-resolution Z-contrast TEM image of a step, or "jump", in
continuity of a YBCO layer in a YBCO/PrBCO superlattice. The steps result
from YBCO's unit cell-by-unit cell growth mechanism under co-deposition
conditions. (S. J. Pennycook, Oak Ridge National Laboratory; see Pennycook
etal.,1991] ij
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Figure 31. Compositional profile of a Hgi-xCdxTe epiiayer

grown by laser MBE. [Cheung and Madden, 1987]
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Figure 32. Schematic showing formation of Bi2Sr2Can-iCun02n-r4 compounds
bv accumulation of Ca(Sr')CuO2 layers and periodic insertion oi BioSo
:i= n. [Kawaietai., 1991]
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Figure 33. Schematic cross-section of the PLD epiiayers in monolithic SQUID
magnetometers: (a) eight-epilayer structure and (b) fifteen-epilayer structure.
[Lee etal., 1992]


