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Synthesis of Novel Thin-Film
Materials by Pulsed Laser
Deposition

Douglas H. Lowndes, D. B. Geohegan, A. A. Puretzky,
D. P. Norton, C. M. Rouleau

Pulsed laser deposition (PLD) is a conceptually and experimentally simple yet highly
versatile tool for thin-film and multilayer research. Its advantages for the film growth of
oxides and other chemically complex materials include stoichiometric transfer, growth
from an energetic beam, reactive deposition, and inherent simplicity for the growth of
multilayered structures. With the use of PLD, artificially layered materials and metastable
phases have been created and their properties varied by control of the layer thicknesses.
In situ monitoring techniques have provided information about the role of energetic
species in the formation of ultrahard phases and in the doping of semiconductors.
Cluster-assembled nanocrystalline and composite films offer opportunities to control
and produce new combinations of properties with PLD.

The first PLD experiment was carried out
more than 30 years ago, shortly after the
invention of the pulsed ruby laser (I).
However, it was only during the past de-
cade that PLD received extensive experi-
mental development and came into wide-
spread use for film-growth research. The
impetus was the discovery that high-qual-
ity high-temperature (high-T.) supercon-
ductor (HTS) films can be grown in a
low-pressure oxygen environment by PLD

D. H. Lowndes, D. B. Geohegan, D. P. Norton, and C. M.
Rouleau are in the Solid"State Division, Oak Ridge Na-
tional Laboratory, Post Office Box 2008, Oak Ridge, TN
37831-6056, USA. A. A. Puretzky is at the Institute of
Spectroscopy, Russian Academy of Sciences, Troitsk,
Russia.
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without the need for further processing
(2). This discovery opened the field of
oxide ceramic film growth and research to
PLD; in turn, PLD has invigorated and
enriched the oxide field. During the past 9
years, PLD’s advantages for the deposition
of oxides and other complex materials
have been used to grow films with an
enormous variety of properties, including
ferroelectrics, ferrites, amorphous dia-
mond and other ultrahard phases, biocom-
patible and tribological coatings, poly-
mers, compound semiconductors, and
nanocrystalline materials (3).

This article describes the ablation pro-
cess and its characteristic advantages and
limitations for film deposition. Three
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themes in contemporary PLD research then
are examined: (i) the creation of artificial
structures and metastable phases and the
systematic variation of their properties, (ii)
information about the role of energetic ab-
lated species in the formation of ultrahard
phases and in the doping of semiconductors,
and (iii) emerging opportunities in the syn-
thesis of nanocrystalline and composite
thin-film materials with PLD.

Pulsed Laser Ablation

Although the underlying ablation process is
complex, PLD is conceptually and experi-
mentally simple. An ultraviolet (UV)
pulsed laser beam (pulse duration, 10 to 50
ns) is focused with an energy density E; of
1 to 5 J/cm? onto a rotating polycrystalline
target (Fig. 1). Several events occur during
the laser pulse: rapid heating and vaporiza-
tion of the target; increasing absorption by
the vapor until breakdown occurs to form a
dense plasma; and absorption of the remain-
der of the laser pulse to heat and accelerate
the plasma, which contains neutral atoms,
molecules, and ions, in both ground and
excited states, as well as energetic electrons.
The atoms and ions undergo collisions in
the high-density region near the target (the
Knudsen layer, which is a few hundred mi-
crometers thick) to create a highly direc-
tional expansion perpéndicular to the target
surface with initial velocities =10° cm/s. If
ablation is carried out in a low-pressure
reactive gas such as oxygen, simple oxide
molecules are also formed in the expanding
ablation beam. In an ambient gas, a shock
front results from collisions between the
expanding plasma and the gas molecules
(Fig. 2). This front propagates with gradu-
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ally decreasing velocity (4) toward a heated
substrate, typically 5 to 10 cm away, on
which film growth occurs. Amorphous,
polycrystalline, or epitaxial single-crystal
films can be grown, depending on the na-
ture of the substrate and its temperature.

Characteristics of Pulsed
Laser Deposition

PLD has several characteristics that distin-
guish it from other film-growth methods
and provide special advantages for the
growth of oxides and other chemically com-
plex (multielement) materials.

Congruent (stoichiometric) transfer of mate-
rial. Films have the same composition as the
target when the focused laser energy density
is chosen properly. Congruent transfer is a
consequence of the high initial rate of heat-
ing and highly nonthermal target erosion by
a laser-generated plasma. It sets PLD apart
from incongruent-transfer methods such as
thermal evaporation or sputtering.

Deposition from an energetic plasma beam.
In the ablation “plume” (Fig. 2), atoms and
ions have typical initial velocities of =108
cm/s, which for an atom of 100 atomic mass
units corresponds to a kinetic energy =52
eV. The kinetic and internal excitation
energies of ablated species can be used to
assist film formation and to promote chem-
ical reactions, both in the gas phase and on
the growing film surface.

Capability for reactive deposition in ambi-
ent gases. No electron beams or hot fila-
ments are needed in the deposition cham-
ber (Fig. 1), so ambient gases can be used.
Energetic species in the ablation plasma

Turbomolecular pump—__
Throttle valve

Mechanical
PSS
HeNe Pézisge Photodiode
laser 9 / Chart
beam c’_’recorder
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pass filter
RHEED pop—
pattern |Il. ,.

Heated

substrate
. Cylindrical
/4 N lenses
Substrate Aperture
UHP gas rotation ’( i

Excimer laser beam

Fig. 1. A basic PLD system. The reflected HeNe
laser beam is used to monitor film thickness dur-
ing deposition in a reactive gas. Reflection high-
energy electron diffraction (RHEED) is used to
monitor surface crystallinity and quality (intermit-
tently in a gas or continuously in vacuum). UHP,
ultrahigh purity; MFC, mass flow controlier.

react readily with gas molecules to form
simple compounds (oxides, nitrides, and
hydrides). Reactive deposition in low-
pressure oxidants such as O,, O;, NO,,
N,O, or water vapor, in combination with
the congruent-transfer property, allows
the growth of high-quality thin films of
previously difficult-to-fabricate multicom-
ponent ferroelectric, ferrite, and biocom-
patible oxide ceramic materials by PLD.

Growth of multilayered epitaxial hetero-
structures. In these thin-film structures,
adjacent layers have different composi-
tions, but all layers share a common, con-
tinuous crystal structure. A separate target
can be used to grow each layer, with a
multitarget “carousel” for rapid target ex-
change. Growth is inherently “digital” be-
cause each layer’s thickness can be con-
trolled precisely simply by calibrating the
deposition rate per laser pulse and count-
ing pulses. By choosing a low deposition
rate (such as 0.1 A per pulse), it is possible
to control film growth near the atomic
layer level. By increasing the laser pulse
rate, one can maintain attractive overall
growth rates. With the use of multiple
multielement targets, artificial supercon-
ducting superlattices (5) and elegant pro-
totype superconducting device structures
(6) have been grown by PLD.

The ablation process has two character-
istics that have limited its use, especially for
semiconductors and other electronic thin-
film materials.

Particulates. Particulates with diameters
ranging from ~0.1 to ~10 pm (with most
=<1 pm) usually are present in PLD films
(7). They are of particular concern if films

__YBCO target
-0

05 1.0

__Heater  |ps| ps 1.5pus|(2ps : 3 ps

must be lithographically patterned on a
micrometer or smaller scale. Both “pas-
sive” and *“active” experimental tech-
niques have been developed to minimize
the number and size of particulates. The
most important passive methods are to use
a short-wavelength laser (such as a deep-
UV excimer) and to “condition” the tar-
get to maintain a smooth surface (by a
combination of target rotation and laser
beam scanning). The most effective active
method is to use a rotating-vane “velocity
filter” to intercept most of the massive
and relatively slow-moving particulates
while transmitting the high-velocity
atomic and ionic flux (7).

Uniform thickness films. A tightly fo-
cused pulsed laser beam produces a distri-
bution of ablated material that is strongly
peaked in the forward direction (Fig. 2);
therefore uniform thickness films are pro-
duced only in a relatively narrow angular
range. The practical solution to this prob-
lem is to move the ablation plume relative
to the substrate, “painting” the substrate
with the plume. For example, the laser
beam can be raster-scanned over the tar-
get (8), the substrate can be rotated under
an offset plume, or these motions can be
combined to obtain uniform thickness
depositions. Greer and Tabat (9) showed
that laser beam rastering over a large di-
ameter target can produce uniform, large
area films with predictable and reproducible
growth rates and properties. For example,
oxide ceramic films have been deposited
over 150-mm-diameter substrates, with
variations of only *2.3% and +0.5% for
thickness and composition, respectively.

5 ps 10 ps

Fig. 2. Gated, intensified CCD-array photographs of the total visible-light emission from the laser-
generated plasma after 2.5 J/cm? KrF laser ablation of YBa,Cu,O,_, into 200 mtorr of O,, at the
indicated delay times after arrival of the laser pulse. The digitized intensity data have been divided equally
into six contours {indicated by the palette at the left) in order to reveal the fainter emitting regions.
Exposure times were increased from 20 ns to 2 ws. The plasma “plume” collides with the (cold)
substrate heater plate in the final frames, partially rebounding to fill the target-heater space at long times.
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Liquid Targets and
Dual-Laser Ablation

A dual-laser ablation technique was devel-
oped recently in which initial target heat-
ing by a pulsed CO, laser (wavelength, 10.6
pm) produces a shallow, transient molten
layer, from which a slightly time-delayed
pulsed excimer laser then initiates the ab-
lation plasma plume (10). Ablation from
the momentarily liquid target has resulted
in a thousandfold reduction in particulate
density in Y,O; films (10, 11). Moreover,
the highly efficient heating of the excimer-
generated pladma by the tail end of the CO,
laser pulse produces an ablation plume that
is much more highly excited, and has a
greatly broadened angular distribution,
compared with the plume produced by an
excimer pulse alone (10). Thus, dual-laser
ablation is a promising technique to simul-
taneously minimize both particulates and
the angular distribution problem.

Artificial HTS and Oxide
Electronics

Thin-film growth methods allow one to
make new materials by creating artificially
layered crystal structures. The surfaces of
single-crystal substrates provide atomic
templates that can be used to constrain
atomic positions and thereby stabilize epi-
taxial films in crystal structures that are
only metastable; in this way, thin films can
be locked into structures that cannot be
achieved by bulk processing methods near
thermodynamic equilibrium. Pulsed laser
deposition is particularly attractive for the
formation of artificially layered oxides be-
cause material can be transferred stoichio-
metrically in the presence of reactive back-
ground gases such as oxygen.

The cuprate superconductors are ideal
candidates for studies of the formation of
artificially layered compounds because all of
the highest T_ compounds are inherently
layered materials based on an oxygen-defi-
cient perovskite structure (such as SrTiO;).
Different HTS compounds contain differ-
ent numbers of CuO, sheets within their
unit cells, separated by chemically different
“spacer” or charge reservoir layers; they are
ceramic superlattices. (A superlattice mate-
rial is constructed to have properties, such
as composition, that are periodically modu-
lated on a length scale longer than the
crystallographic unit cell dimensions.) Rec-
ognition of this common structural feature
immediately suggested the possibility of re-
creating bulk-material HTS phases in thin-
film form—and of going beyond to create
entirely new “artificial” HTS—by control-
ling the stacking sequence of various oxide
layers at nearly the atomic level.
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The simplest compound containing
CuQ, planes is the “infinite layer” material
XCuO,, whose structure consists simply of
sheets of alkaline earth atoms (X = Ca, Sr,
or Ba) alternating with CuO, layers. By

using “laser molecular beam epitaxy
(MBE)” growth techniques to insert infi-
nite layer (Ca,Sr)CuO, modules, research-
ers have extended metastable thin-film
structures of the Bi,Sr,Ca,_;Cu,0,, 4
phases ton = 8, well beyond the n = 1, 2,
and 3 that are readily obtained by bulk
processing (12). In addition, entirely new
families of artificially layered HTSs have
been formed as BaCuO,/(Ca,Sr)CuO, su-
perlattices based on the infinite layer struc-
ture (13, 14). By sequentially ablating
BaCuQO, and (Ca,Sr)CuO, targets, the
(Ca,Sr)Cu0O, and BaCuO, “building
blocks” were epitaxially stabilized in the
infinite layer structure and found to have
superconducting transition temperatures as
high as T _(onset) ~ 70 K (14). The signif-
icance of these results is that a new family
of superconductors was synthesized by the
assembly of a “superlattice compound” from
StCuQ,, an insulator, and BaCuO,, which
normally does not exist in the infinite layer
structure, even with the use of high-pressure
synthesis techniques (14).

The HTS materials are only a small sub-
set of the much larger family of oxide and
nitride materials whose members exhibit an
enormous range of physical properties. The
possibility of creating artificially engineered
“ceramic superlattice” thin-film materi-
als—with enhanced magnetic, ferroelectric,
and even semiconducting properties
through control of layer thickness and spac-
ing—is only now beginning to be explored.
Recently, relatively simple wet etching or
thermal annealing techniques, or both,
have been used to prepare substrates such as
SrTiO; and Al,O; with atomically flat ter-
races (15). Monitoring of both surface com-
position (15) and film thickness (15, 16)
can be carried out with atomic layer accu-
racy during laser MBE oxide film growth.
Strained dielectric superlattices of BaTiO,
and SrTiO; formed by PLD (17, 18) have
strikingly different electrical properties
than the solid solution (Sr,Ba)TiO; (17).
The epitaxial growth of other insulating
and ferroelectric artificially layered materi-

als such as KNbO,/KTaO; superlattices has

_ been reported as well (19).

The formation of oxide superlattice
thin-film structures is a promising approach
to study the effects of strain on useful mac-
roscopic properties in order to further tailor
properties. Pulsed laser deposition is being
used to synthesize heterostructure ferroelec-
tric capacitors equipped with conductive
oxide electrodes for use in ferroelectric
thin-film memory technology and eventual
SCIENCE e«
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integration with Si complementary metal-
oxide-semiconductor (CMOS)-based elec-
tronics (20). In fact, the possibility of cre-
ating an entirely new field of oxide-based
optoelectronics is the subject of a report
currently being prepared by a team of in-
dustrial and academic researchers in Japan
(21).

Pulsed laser deposition also was responsi-
ble for the recent discovery of colossal mag-
netoresistance (CMR) in La, ¢;Cay 33MnO,
films that are both magnetic and electrically
conducting (22). After suitable heat treat-
ment, Lay¢,Cay;3MnO, films grown epi-
taxially on LaAlO; substrates exhibit nega-
tive magnetoresistance [MR = AR/R,; =
(Ry — Ro)/Ry;, where R, is resistance in field
7] that is more than four orders of magnitude
larger (22, 23) than the typical giant mag-
netoresistance found previously in metallic
multilayer films (24). In a magnetic field of 6
T, the resistance of ~1000 A thick
Lag ¢;Cag 33MnO, films decreases by more
than 10,000-fold at a temperature near 110
K, with most of the change occurring at low
fields (23). The strong dependence of the
MR ratio on film thickness has been ascribed
tentatively to the effects of lattice strain on
the exchange interaction between man-
ganese ions, but current research is focused
on understanding the origins of CMR in
Lay¢;Cag3sMnO,  and related materials
(23). Colossal MR is expected to be useful
for magnetic and electronic device applica-
tions when the effects of strain and material
processing are better understood (22).

The Role of Energetic
Ablated Species

Synthesis of ‘‘amorphous diamond’’ films. The
room-temperature synthesis of tetrahedrally
coordinated amorphous carbon (ta-C, or
“amorphous diamond”) by the ablation of a
graphite target provides a striking example
of the importance of controlling the ener-
gies and types of ablated species during
deposition. Experiments (25-31) and model
calculations (32) show that in its purest
form, disordered ta-C exhibits almost en-
tirely sp® (tetrahedral, or diamond-like)
bonding with only a small fraction of sp?
(threefold-coordinated or graphitic) bond-
ing. Films of ta-C with the highest sp>:sp?
ratios are in a state of high compressive
stress and have values of density, hardness,
and electrical resistance near those of nat-
ural diamond. This stress and the diamond-
like bonding are thought to result from the
shallow implantation of energetic carbon
ions during film formation, which drives
the effective temperature and pressure con-
ditions to exceed the values needed to form
the stable diamond phase (25).

Two vapor deposition processes, filtered



vacuum arc deposition (25, 26) and PLD
(27-31), have proven the most successful
for ta-C film growth because of their ability
to supply energetic particle fluxes in the
range from 10 to 100 eV (28). Absorption
of photons by free electrons in a plasma is
most effective at longer wavelengths, so
initial PLD experiments used near-infrared
Nd:yttrium-aluminum-garnet (1064 nm) la-
sers focused to extremely high intensities
(0.5 X 10" to 5.0 X 10" W/cm?) to
produce ta-C films with ~40 to 70% sp?
bonding (30, 31). These films are good
field emitters, and this process has been
commercially developed for the produc-
tion of flat panel displays (33). However,
short-wavelength (193 nm), nanosecond
ArF excimer lasers subsequently have
proven to be far superior at maximizing
the sp*> bonding (at 84 to 95%) while using
much lower laser intensities of less than
5 % 10® W/em? (30, 31).

The reason for this strong laser-wave-
length dependence of the sp*:sp? ratio was
understood only recently when gated pho-
ton-counting spectroscopy was combined
with spectroscopic imaging to obtain tem-
porally and spatially resolved images of the
evolution of the species present in the ab-
lation plume (31, 34). When KrF (248 nm)
and ArF (193 nm) excimer laser wave-
lengths were used to irradiate graphite tar-
gets at equal intensities, quite different pro-
portions of the energetic ions needed for
ta-C formation and of slower-moving clus-
ters were found. In fact, images of the visi-
ble plume luminescence revealed three dis-
tinct components to the transport at the
high laser intensities where ta-C films are
grown. These regions, and their temporal
evolution, then were identified by emission
and absorption spectroscopy at different la-
ser intensities.

All three components are visible in Fig.

3, which compares the plumes generated by
KrF and ArF ablation at equal focused en-
ergy densities. (i) At low laser intensity,
only a slowly propagating component of
luminescence is seen. It contained carbon
dimers (C,), trimers (C,), and higher clus-
ters (C,) with low kinetic energy (KE); for
example, KE(C;) ~ 0.2 to 1.7 eV. (ii) At
intermediate laser intensity, a second,
broader ball of luminescence explodes from
the slow-moving clusters to travel at a ve-
locity v e ~ 1.0 cm/ps. This emission
was identified as coming from atomic car-
bon neutrals [KE(C) ~ 6 eV]. (iii) As the
laser intensity is further increased, a very
fast ball of luminescence from C™ ions
forms and accelerates on the leading edge of
the expanding plume, with v .. ~ 3.7
cm/ps and KE ~ 85 eV. The ArF plume is
dominated by this fast component, whereas
the KrF plume exhibits only weak lumines-
cence from this region.

Correlation of the relative amounts of
these three plume components with the
properties of diamond-like films showed
that an increase in laser intensity (at either
wavelength) resulted in increased lumines-
cence of the energetic third component
relative to the first, as well as more dia-
mond-like films (34). The time evolution of
the three components shows that deep-UV
photons couple more of their energy into
the plume by breaking up clusters and ion-
izing atoms than by heating the electrons.
This conversion of the slow-cluster compo-
nent of the plume into fast ions by the
strong absorption of short-wavelength pho-
tons appears to be the fundamental factor
controlling the diamond-like quality of
ta-C films.

Semiconductor growth and doping. The
stoichiometric-transfer property of PLD
makes it potentially attractive for the
growth of chemically complex semiconduc-

Fig. 3. Gated, intensified
CCD-array photographs
of the total visible lumi-
nescence 800 to 850 ns
after ablation of pyrolytic
graphite in vacuum by
(A) a KrF laser and (B) an
ArF laser, both at fo-
cused energy densities
of 6.7 J/cm?. The laser
beam is incident at 30°
to the right of the target
surface  normal, as
shown in the leftmost

Intensity (normalized)

KrF (6.7 J/cm?2)

Distnance (cm)

uunm.lu'u.nl-

2 4
Emission intensity
(normalized)

KrF (6.7 Jlcm?)

panel of Fig. 2. The in-

tensity of the emission is represented by the palette shown at the left, normalized to the maximum
numbers of counts for each image. (C) A line-plot profile from the irradiated spot outward along the
target normal for the (red) KrF laser and the (green) Arf laser showing the relative intensities of the
different plasma components: (1) the slow cluster component near the target surface, (2) the faster
moving component of atomic emission, and (3) the fast, ball-shaped ionic component. The line profiles
are normalized to the intensity of the second component.
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tors. For instance, the currently underuti-
lized direct-gap quaternary and pentenary
chalcopyrites (prototype: Culn,_,Ga,Se,)
could provide a rich variety of energy band
gaps and lattice constants for photovoltaic
and optoelectronic devices. Depositing
films in reactive environments is intriguing
as well for growing semiconducting group-
Il nitride alloys such as Ga,_,_.In, ALN
(35) and for controlling semiconductor
electrical properties by deliberately intro-
ducing dopant atoms from the gas phase.

The feasibility of gas-phase doping dur-
ing ablation was explored recently: a ZnTe
target was ablated through molecular N,.
Highly p-type ZnTe films with hole concen-
trations p ~ 10%° em™3 were grown on
GaAs(001) substrates (36-38). The x-ray
diffraction measurements revealed a ~0.4%
decrease in lattice constant, consistent with
the substitution of relatively small N (group
V) ions onto Te (group VI) sites to produce
the p-type conductivity. However, the hole
mobility (a measure of the scattering of the
hole carriers by defects) was sharply peaked
at a N, pressure of ~50 mtorr (~6.7 Pa)
during ablation (36-38).

In order to understand the N, pressure
dependence of the mobility, time-resolved
ion current measurements (39) were carried
out during the ablation of ZnTe into N,,
with the ion probe located at the position of
the GaAs substrate (37, 38). Three distinct
peaks (or “modes” of incident species) were
observed as a function of N, pressure (Fig.
4). The fast peak (labeled “1” in Fig. 4)
contains ions that have suffered no colli-
sions with ambient N, molecules. These
ions have KEs sufficient to displace atoms
from crystal lattice sites, producing defects
that will scatter carriers. The flux of these
fast ions is attenuated exponentially with
increasing N, pressure, but some remain
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Fig. 4. lon current versus time at a distance of 10
cm from a ZnTe target after ablation into N, gas at
various pressures. The labels 1, 2, and 3 refer to
three “‘modes” of incident species, namely un-
scattered ions, ions that are slowed by gas-phase
collisions, and slow-moving clusters formed
through collisions, respectively.
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until the pressure reaches ~50 mtorr (Fig.
4). Mode 2, the dominant part of the ion
current for N, pressures between ~15 and
~70 mtorr, is due to ions that have been
slowed by collisions with N, molecules.
These ions arrive at the substrate with KEs
of only a few electron volts or less, which is
nearly ideal to promote chemical reactions
in the near-surface region but well below
the threshold for lattice displacement dam-
age. A third contribution (labeled “3” in
Fig. 4) dominates the ion probe signal for
N, pressures = 70 mtorr, the pressure range
for which the hole mobility declines. The
mode 3 peak represents very slow-moving
species; in fact, its emergence marks the
onset of significant cluster formation by
means of gas-phase collisions in the in-
creased N, pressure. High-resolution trans-
mission electron microscopy (TEM) images
obtained from a cross section of ZnTe films
grown at 100 mtorr revealed a transition to
columnar growth, with both the film sur-
face and near-surface intergranular regions
decorated with spherical particles that have
diameters of ~9.5 to 17 nm, apparently
grown from the clusters of mode 3 (37).

Thus, combined ion current and TEM
measurements reveal transitions, controlled
by the N, pressure, between regimes in
which different species are present in the
incident ablation flux. The peak in hole
mobility apparently results from the compe-
tition between defect production at low N,
pressures and the onset of significant cluster
deposition for higher N, pressures. The
highest hole mobility is achieved for growth
from incident ions and atoms with KEs of
only a few electron volts.

Cluster Formation: Nanocrystalline
and Composite Films

Cluster formation can be greatly enhanced
by ablating a material into a moderate-
pressure (~1 torr) gas. For example, when
carbon (graphite) is ablated into argon, car-
bon dimers, trimers, and clusters (C,) are
formed by collisions of energetic carbon
atoms and ions (34). By ablating a binary
semiconductor such as InP, mixed clusters
of the type In P result (40); if a reactive
gas is used, the clusters contain both target
and gas atoms. Thus, by increasing the am-
bient gas pressure, one can change the flux
available for film deposition from. primarily
energetic atoms and ions to one that in-
cludes small clusters. Eventually, significant
numbers of nanocrystals are formed, typical-
ly with diameters of 1 to 10 nm and con-
taining 10% to 10° atoms.

Highly nanocrystalline or cluster-assem-
bled films typically have properties much
different from films grown with the use of a
predominantly atomic or ionic flux, either
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because of quantum confinement effects (in
very small crystallites) or because entirely
new, composite materials are formed. For
example, self-supporting thin films of ag-
glomerated Si nanocrystals recently were
created by ablating a Si rod while simulta-
neously flowing high-pressure helium gas
over the rod surface and through a variable-
length nozzle (41, 42). The average nano-
crystallite size was controlled by varying the
delay time between the He gas pulse and
the laser pulse or by changing the nozzle
length. Because the surface-to-volume ratio
of nanometer-scale materials is large, any
dangling bonds at the nanocrystallite sur-
face will act as traps to produce rapid non-
radiative recombination of carriers, pre-
venting light emission. After surface passi-
vation of dangling bonds (with an HF etch
and oxide regrowth process), a definite shift
of the photoluminescence maximum to
higher energy was seen as the mean particle
size decreased (41). This is consistent with
the behavior expected for light emission
from carriers that are quantum confined in
Si particles of 2 to 4 nm diameter, and TEM
confirmed the existence of Si particles in
this size range. More recently, deposits of Si
nanocrystallites with diameters = 3 nm
were produced simply by excimer laser ab-
lation of Si into constant-pressure (~2.5 to
10 mtorr) helium gas (43).

Nanocrystalline Si films currently are
interesting because of questions about the
origin of the relatively efficient visible light
emission from porous and nanostructured Si
samples (44), in contrast to the lack of
visible emission from (indirect band gap)
bulk Si samples. The relatively efficient
light emission and the ability to shift its
wavelength appear to be consequences of
the films' nanocrystalline morphology.
Thus, cluster-assembled nanocrystalline
films of Si (and possibly other semiconduc-
tors) may provide an alternate route toward
the development of visible electrolumines-
cent devices, without the need for com-
pound semiconductor lattice matching and
heteroepitaxial growth.

The marriage of laser ablation with su-
personic expansion techniques has also
been used recently to create hybrid orga-
nic:inorganic films in which an organic
material with high nonlinear optical ac-
tivity  [N-4-(4-nitrophenyl)-(s)-prolinol
(NPP)] was encapsulated in small particles
of silica (SiO,) glass (45). The SiO, clus-
ters were produced by laser ablation of an
SiO, rod in a supersonic He expansion,
and the organic vapor was entrained in a
separate He gas pulse. A composite silica:
NPP film was formed by mixing the two
pulses and depositing the result on a near-
by substrate. This technique is potentially
valuable because it permits a thermally
16 AUGUST 1996
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sensitive (organic) material with a desir-
able property (such as nonlinear optical
activity) to be incorporated at room tem-
perature in a low-loss photonic medium
(silica glass) without degradation, thereby
avoiding the problem of decomposition of
organic compounds at normal glass-pro-
cessing temperatures (45). Similar tech-
niques can be used to form other exotic
hybrid or composite thin films containing
normally incompatible materials that
would be difficult to synthesize otherwise.
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Chemical Solution Routes to
Single-Crystal Thin Films

F. F. Lange

Epitaxial thin films of inorganic single crystals can be grown on single-crystal substrates
with a variety of different solution chemistries. This review emphasizes chemical solution
deposition, in which a solution is used to deposit a layer of precursor molecules that
decompose to low-density, polycrystalline films during heating. Ways to control film
cracking during deposition and heat treatment and why many precursors synthesize
metastable crystalline structures are discussed, and the different mechanisms that
convert the polycrystalline film into a single crystal are reviewed. Hydrothermal epitaxy,
in which single crystal thin films are directly synthesized on templating substrates in an
aqueous solution at temperatures <150°C, is also discussed.

Inorganic, single-crystal thin films can be
produced from solution (either aqueous or
organic) that contain precursor molecules
for the different elements in the multiele-
ment compound of interest. Solution routes
are relatively new and have been explored
for possible device applications (such as
nonvolatile memories, pyroelectric detec-
tors, and field-emission displays) as an al-
ternative to more costly vapor-phase routes
(1). Oxide compositions, specifically those
with unusual electro-optical properties,
such as LiNbO; (2, 3) and Pb(Zr,Ti)O; (4,
5), and others including rare-earth alumi-
nates (6), cuprate superconductors (7, 8),
and other oxides (9-14), have received
most of the attention. Growth of single-
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crystal carbides (15), nitrides, and a limited
group of metals is possible. As in the many
different vapor-phase routes (1), single-
crystal substrates are used as a supporting
structure and a template for the oriented
overgrowth of the film material—a process
known as epitaxy.

The chemical solution deposition route
to epitaxial films has received the most
technical attention and will be the focus of
this review. In this route, the solution is
merely a vehicle to deposit, either by spin-
coating or dip-coating, the desired elements
onto a single-crystal substrate. A solid pre-
cursor film forms that decomposes (pyro-
lyzes) to a polycrystalline inorganic film
during heating. The polycrystalline film
converts to a single-crystal film at higher
temperatures by one of a number of mech-
anisms described below. A number of dif-
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ferent phenomena effect epitaxy. Different
solution precursor chemistries can be used
to produce the same inorganic material.
The different precursor coatings can have
different properties that include different
rtheological behaviors that influence coat-
ing coverage, different mechanical proper-
ties that affect cracking during processing,
and different decomposition products that
can alter the composition formed during
pyrolysis. The large volume decrease pro-
duced during evaporation and pyrolysis will
lead to the formation of “mud” cracks if the
film thickness is greater than a critical val-
ue. Because the inorganic material is formed
by pyrolysis at temperatures where diffusion
is kinetically limited, metastable phases can
crystallize to effect epitaxy during their
transformation to the stable phase. In addi-
tion to these subjects, the effect of differ-
ences in crystal structure between the film
and substrate on the epitaxy phenomena
will also be reviewed.

In a second route, hydrothermal epitaxy,
the single-crystal thin film is directly syn-
thesized on a substrate in water at temper-
atures =150°C. This route only warrants a
few paragraphs because it has just “seen the
light of literature.”

One advantage of solution routes is the
economics that “beakers and benches”
chemistry offer relative+to capital-intensive
vapor-phase routes. A second is the high
degree of compositional control inherent
with the solution synthesis of multielement,
inorganic materials. Also, the newly intro-
duced hydrothermal route offers processing
temperatures that approach ambient condi-
tions, which would be very advantageous
for sequential processing of devices where
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