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I. Scope

Laser chemical modification of surfaces entails a wide
range of processes that can be subdivided into pho-
toassisted deposition, chemical etching, ablative etching,
doping, and thin—film transformations such as oxida-
tion. In these processes the laser may be used as a
localized heat source, a source of photons for dissocia-
tion, or in some cases as both. The species reacting with
the solid surface may be a gas, liquid, or predeposited
thin film. Much of the burgeoning research in this field
is closely tied to the potential processing applications
in microelectronics, optoelectronics, and materials
production, because in some instances laser techniques
may offer processing advantages that may not be
available with conventional fabrication methods, such
as low-temperature fabrication, localization of interac-
tion, discretionary material modification, process com-
patibility, repair capabilities, fast turnaround for pro-
totype development, and semicustomization. This ar-
ticle reviews one subset of laser chemical processing,
laser-assisted deposition from gas-phase and adsorbed
molecules. Emphasis is placed on the important
chemical and physical interactions in the many exam-
ples of laser-assisted deposition that have potential
significance in microelectronics processing. The reader
is referred to other recent reviews covering other aspects
of laser-assisted processing that are not considered here,
such as laser etching and doping and deposition by
laser-assisted evaporation or ablation of targets.!"18

Research on the deposition of thin films with lasers
has been aided by fundamental studies in reaction ki-
netics, spectroscopy, and reagent synthesis and also,
notably, by applied research in other areas of thin-film

0009-2665/89/0789-1323$06.50/0

Received January 6, 1989 (Revised Manuscript Received June 6, 1989)

Irving P. Herman was born in Brooklyn, NY, in 1951. He received
the S.B. and Ph.D. degrees in physics at the Massachusetts In-
stitute of Technology in 1972 and 1977, respectively. While doing
his doctoral research involving laser chemistry and spectroscopy,
he was a Fannie and John Hertz Foundation fellow. During his stay
at M.1.T., he was also involved with the early efforts on optically
pumped infrared lasers and Dicke superradiance. In 1977 he
joined the Lawrence Livermore National Laboratory, where he later
became a section leader, and worked on laser isotope separation
of deuterium and tritium, laser microchemical processing of sur-
faces and its applications in microelectronics, and Raman micro-
probe analysis. In 1986 he joined Columbia University as an
Associate Professor of Applied Physics. His current research
interests include optical diagnostics of thin-film processing, laser
processing of microelectronics materials, laser spectroscopy of
semiconductor microstructures, modeling the interaction of lasers
with materials, and the physics of semiconductors under high
pressure. He is also affiliated with the Columbia Radiation Labo-
ratory and the Microelectronics Sciences Laboratories.

deposition. In some cases, these related studies have
been, in fact, directly motivated by the potential ap-
plications of laser deposition. Laser spectroscopy of
solids, gases, and surface-adsorbed species is needed to
characterize the fundamental initiation steps in laser
deposition and can also help serve as an in situ optical
diagnostic probe of the deposition process. An under-
standing of the modes of excitation and energy relax-
ation during laser heating of solids and gases is clearly
necessary to explain how lasers promote deposition.
The fundamental chemistry in homogeneous and het-
erogeneous pyrolytic decomposition of precursor mol-
ecules is very important in both laser and non-laser
methods of film deposition. Photolytic decomposition
reactions can also be important in laser deposition, as
they are in UV lamp assisted deposition of thin films.
Furthermore, mass transfer in the gas phase and surface
events, such as adatom migration, desorption, and nu-
cleation, can be significant in the overall kinetics of
laser-assisted deposition as well as in conventional
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physical and chemical vapor deposition. When par-
ticularly relevant to progress in laser-assisted depos-
ition, this related research is also cited in this review,
as is the extremely relevant work on conventional
thermal chemical vapor deposition and UV lamp as-
sisted deposition.

The basic features of laser-assisted deposition are
described in section II. This includes a general dis-
cussion of how lasers can influence deposition chemistry
and the different ways that lasers can be geometrically
coupled to the reactor in the deposition process. After
a brief discussion of the requirements of the precursor
molecules used in laser-assisted deposition, section III
covers the demonstrated examples of laser-assisted
deposition. For convenience, this section is divided into
the deposition of metal, semiconductor, and insulator
thin films. The subsection on metal deposition is sub-
divided according to the type of precursor reagent used
for laser-assisted deposition, with an additional section
on metal silicides, while the latter two subsections are
subdivided according to material type. The twin goals
of this section are to provide a fairly comprehensive
listing of the demonstrated methods of laser deposition
and to discuss the current, and often quite limited,
understanding of the chemistry involved in laser-as-
sisted deposition. As will be seen, much of the process
physics and chemistry transcend this specific classifi-
cation by type of material and precursor. Section IV
discusses linking the chemical mechanism of deposition
with the other elements of this process, to model la-
ser-assisted growth of thin films. Nucleation is also
discussed in this section. Spatial localization in laser-
assisted deposition is described in section V. The use
of optical spectroscopy to evaluate potential reagent
molecules is examined in section VI, along with the
utilization of optical diagnostics to probe the thin-film
and gas-phase chemistry in situ during deposition.
Applications of laser-assisted deposition are discussed
briefly in section VIL

The emphasis of this review is on the chemical and
physical processes involved in laser deposition. The
physical and electronic properties of the deposited films,
such as crystallinity, epitaxy, morphology, and electrical
conductivity, and other processing features of laser
deposition, such as the quest for fast growth rates and
minimum feature sizes, are not reviewed in great detail
though they are discussed in some contexts. The other
reviews and the original papers cited here delve into
these other matters in some detail. An attempt has
been made to provide a comprehensive review of the
current literature.

II. Basic Mechanisms and Features

Though the overall reaction mechanisms in laser
deposition are in general complex, the basic types of
laser interactions and reactions are readily classified.
The laser can be used to heat the substrate and induce
thermal reactions on the surface where deposition oc-
curs. Such pyrolytic, thermochemical, or laser chemical
vapor deposition reactions are analogues of heteroge-
neous chemical vapor deposition (CVD) of thin films
by conduction heating. When metalloorganic com-
pounds are used as reactants, CVD is usually called
metalloorganic chemical vapor deposition (MOCVD).
In these laser-assisted pyrolytic reactions, the gas-phase
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and surface-adsorbed reactants are transparent to the
laser wavelength and the laser is absorbed by the sub-
strate or by some film overlaying it. Alternately, the
laser can be absorbed by the reactant or reactant mix-
ture, which is initially excited into nondissociative
states. After energy relaxation, the reactant gas can get
hot and then a thin film can form, as in conventional
homogeneous chemical vapor deposition; this is also
classified as a pyrolytic process. Clearly, in some in-
stances the substrate and the gas can be heated si-
multaneously by the laser. Furthermore, when the laser
directly heats the substrate only, gas near the surface
can be heated by diffusion and convection in some
cases, and homogeneous pyrolysis can also occur. Both
laser-assisted heterogeneous and homogeneous chemical
vapor deposition are often called laser CVD.

In a complementary arrangement, the laser is used
to dissociate gas-phase or surface-adsorbed molecules
to form deposit atoms or intermediates containing these
atoms, without heating the surface appreciably or, quite
often, at all. The substrate is transparent to the laser
and the laser is absorbed directly by the reactant. If
this occurs without significant heating of the gas, the
method is known as photolytic or photochemical de-
position, or photodeposition. Laser excitation could
occur by stimulating electronic transitions by the ab-
sorption of one ultraviolet photon or, alternately, by the
absorption of several visible or ultraviolet photons; in
this latter case, absorption may occur either in a con-
certed manner as in multiphoton absorption or in a
sequential manner, which may, in fact, involve photon
absorption by intermediate products as well. Unimo-
lecular infrared laser multiple-photon dissociation can
also produce deposit atoms or intermediates for pho-
todeposition. In some cases, the photodissociation
products must be decomposed further by conventional
heating of the substrate in order to obtain pure deposits.

Several other deposition processes do not fit cleanly
into these so-defined pyrolytic/photolytic classifica-
tions. For instance, a low-intensity laser, to which the
reagents are transparent, can be absorbed by the surface
and lead to a negligible temperature rise, and yet stim-
ulate a reaction at the surface. This has been shown
to occur on semiconductor surfaces because of the
creation of electron-hole pairs near the surface. To
date, this decidedly nonthermal mechanism has been
found to be more important in laser-etching reactions
than in laser deposition.*

Furthermore, the predominant deposition mechanism
can change during the course of deposition. For exam-
ple, at the start of deposition the laser may photodis-
sociate the reactant and not heat the surface of the
initially transparent substrate, as in photolytic depos-
ition. However, if the deposited thin film itself absorbs
the laser wavelength, pyrolytic deposition may begin
after the initial stage of photodeposition, and the overall
rate of deposition can be accelerated much beyond the
photodeposition rate.'®? This hybrid deposition pro-
cess combines the non-substrate-specific versatility of
photodeposition with the typically faster rates of py-
rolytic deposition.

The selection of either a pyrolytic or a photolytic
process to deposit a given film on a specific substrate
is dictated by many factors, including the properties of
the available reactants containing the deposit atoms of
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interest, such as their absorption spectrum, volatility,
and routes to dissociation; the available lasers; substrate
properties, such as absorption spectrum and thermal
conductivity; process compatibility with existing fea-
tures on and within the substrate; and the desired de-
position rates, deposit impurity levels, crystallinity, and
morphology. For example, surface pyrolytic processes
are not dependent on the spectroscopy of the reactant,
but on the broad-band absorption features in solids, and
can often be promoted by visible lasers, such as argon
ion lasers. However, the kinetics of surface-initiated
pyrolytic deposition are often very sensitive to the op-
tical and thermal properties of the substrate and of the
time-varying deposit. When true, this is a severe lia-
bility, which will lead to either self-limited, greatly
accelerated, or oscillating rates of deposition, unless
there is feedback control of the laser power.

One advantage of pyrolytic deposition is that any
reactant used in conventional CVD can be used in la-
ser-assisted pyrolytic deposition; however, many of
these precursors are unsuitable for photolytic deposition
because of mismatch between available lasers (excimer
lasers, frequency-doubled argon ion lasers, etc.) and the
dissociative absorption transitions of the reactants.
Though the choice of wavelength for photolysis is typ-
ically more restrictive (and is usually limited to the
ultraviolet), the kinetics of photodeposition are rela-
tively insensitive to changes in surface properties during
the course of deposition, in contrast to pyrolysis. In
general, the rates of pyrolytic deposition are faster and
the resulting pyrolytic deposits are purer than for
photodeposition. Both of these factors are very im-
portant in applications. However, when high surface
temperatures are necessary to induce deposition, the
pyrolytic process can lead to more structural damage
from these high temperatures and thermally induced
stresses?! than the damage caused by the ultraviolet
radiation used in photolytic deposition. This is also a
very important concern in microelectronics applications.

To understand laser deposition, the many interlock-
ing component processes in deposition must be ad-
dressed individually and then they must be linked. Any
of these components may limit the rate of deposition
or may lead to inferior material properties of the de-
posit. The laser interaction with the substrate, gas-
phase reactants, adsorbed reactants, intermediate
products, deposit atoms, and the deposited film must
be well characterized. These interactions may change
during the course of deposition. The laser can also
transform already deposited films by annealing or re-
crystallization. Clearly, the chemistry in the gas and
on the surface must be followed. It may be much more
complex than a simple nascent chemical step may
suggest. Thermal decomposition of photolytically
produced intermediates can be crucial in
“photodeposition”, while laser-related nonthermal ef-
fects, such as the creation of electron—hole pairs or
photoabsorption by intermediates, can be important in
“pyrolytic deposition”. Surface diffusion, desorption,
and nucleation can affect both laser pyrolytic and
photolytic deposition. Gas-phase transport of reactants
to the surface and products from the surface is fre-
quently the rate-limiting step in laser-assisted depos-
ition. For most of the laser irradiation configurations
described herein, the spatial dependence of each of
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these components of the overall process must be fol-
lowed. Moreover, much can be learned about laser CVD
and photodeposition from published studies of the
analogous thermal CVD and UV lamp assisted depos-
ition processes, respectively. Unfortunately, the reac-
tion pathways for most examples of CVD and lamp
deposition of interest here are still poorly understood
and are in fact under active investigation themselves.

There are several common themes for the entire range
of precursors, deposited materials, and laser excitation
mechanisms in laser-assisted deposition. For instance,
the underlying questions about dynamics and kinetics
are very similar. Consider, the deposition of an ele-
mental thin film A from a precursor AX,,, which is
representative of metal alkyls, carbonyls, halides, and
hydrides. In gas-phase-initiated processing, does the
pyrolytic or photolytic decomposition of AX,, remove
all the X ligands, producing A, which deposits on the
surface? If so, is there aggregation of these atoms to
form clusters before deposition? If not, will the par-
tially decomposed precursor AX,,.; produce the atom
A after impinging on the heated surface? Similarly, in
the processing of molecules adsorbed on the surface, is
the pyrolytic or photolytic decomposition of these
precursors complete? Since in some cases, decompo-
sition of both gas-phase and surface-adsorbed species
can occur, are the respective processes coupled and
which process deposits material faster, and with supe-
rior properties?

When compound AB is deposited from precursors
AX,, and BY,, additional issues arise. Both pyrolytic
and photolytic deposition can proceed either by the
direct dissociation of both compounds, followed by
combination in the gas or on the surface, as

AX,, — A+ mX (1a)
BY,—> B +nY (1b)
A+ B - AB (1c)

or by the initial dissociation of only one precursor,
followed by cross reactions, such as represented sche-
matically in the net reactions

AX, — A + mX (1)
X + BY, — B + XY, (1d)
A+B—AB (1c))

The real situation is much more complex than this.
For example, in gas-phase deposition some steps occur
in the gas, while others can occur on the surface. One
important illustration of this is when the final product
AB (or A) is not the species reaching the surface, but
instead an A,B,X.,Y, (or A;X,) complex is formed in
the gas, migrates to the surface, and decomposes on it.
Moreover, in many important cases X and Y are not
atoms, but ligands such as CO and CHj,, which can
decompose and produce impurities in the deposit
during gas-phase or surface deposition. Finally,
sometimes the composition of a surface has been found
to be as crucial to the progress of a heterogeneous re-
action as is the local temperature; this can be very im-
portant in both laser and non-laser deposition. Several
examples of these representative types of deposition
mechanisms will be given in section III.

Three general types of irradiation geometries can be
used in laser-assisted deposition, represented by geom-
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Figure 1. Schematic of laser configurations used in laser-assisted
deposition: (a) localized deposition with the laser focused to a
spot for direct writing; (b) large-area processing with an unfocused
or weakly focused beam impinging the surface; (c) large-area
deposition with the laser focused to a line above and parallel to
the surface with a cylindrical lens; (d) large-area patterned pro-
cessing with the laser passing through a mask.

etries a, b,c, and d of Figure 1. In all three, the laser
is responsible for inducing thin-film deposition.
Moreover, in the first and third configurations, the laser
is also used to produce a spatially patterned deposit.
Consequently, when used in the second configuration
during integrated circuit fabrication, the laser thin-film
deposition process replaces only one step, namely, the
analogous conventional thin-film process, whereas when
used in the first or third configuration, it replaces the
masking (patterning) steps as well.

In one irradiation geometry used in laser deposition,
a nearly diffraction-limited laser beam is focused onto
a substrate which is bathed within the reactant (Figure
1a). This type of laser processing is often referred to
as direct laser writing (or laser direct writing). De-
position occurs by the decomposition of gas-phase
molecules near the surface or of molecules adsorbed on
the surface. If the laser and the substrate are station-
ary, a disk-like microstructure is deposited (static con-
ditions), while if either the laser or the substrate is
laterally translated, lines are formed (scanning condi-
tions). The minimum deposit dimension depends on
the diameter of the laser beam at the focus and several
features specific to deposition, such as the dependence
of deposition rate on laser intensity or laser-induced
temperature rise and the possible diffusion of inter-
mediates containing the product atoms in the gas phase
or on the surface. If a beam with a TEMy, mode, having
the Gaussian intensity profile

I(r) = I exp(-r?/w?) (2

where w is the beam radius, is focused by a lens with
focal length f, the diameter of the beam at the focus is
d:

d= 0.64)\(L) (3)
2w

where M is the laser wavelength. Submicron-dimension
deposits have been demonstrated using direct laser
writing, as would be expected from eq 3.!7?2 Because
of the serial nature of this localized laser processing
method, direct writing techniques are usually at a
competitive disadvantage in most microelectronics ap-
plications, because even the relatively fast demonstrated
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Figure 2. Experimental setup for direct laser writing. The laser
can be scanned relative to the surface by scanning the substrate
via the translation table or by deflection of the laser beam, possibly
by acoustooptic deflection. (Adapted from ref 23-25.)

deposition rates (sometimes 21 mm/s) are usually
much too slow. However, direct laser writing is com-
petitive for circuit and mask repair operations, for
which slower deposition rates may be acceptable. CW
lasers are usually used in direct writing because of their
superior beam quality and the high laser duty cycle
needed in writing line-type features. When the focal
spot is small, the modest laser powers available from
CW lasers are sufficient to attain laser intensities high
enough to drive a localized reaction. When very high
peak intensities are required, pulsed lasers must be
used. Figure 2 is a schematic layout of the experimental
apparatus typically used in direct writing.2-2®

Another type of irradiation geometry used in laser
deposition involves unfocused or weakly focused beams
and, consequently, requires high-intensity pulsed lasers.
In one configuration, the beam impinges on the surface
at nearly normal incidence (Figure 1b), while in one
variation the laser is focused to a line by a cylindrical
lens and either the substrate or the beam is translated
laterally, perpendicular to the line. In either case, a
large, unpatterned film is formed by a laser-initiated
homogeneous reaction above the surface or a reaction
at the surface, or by a combination of both routes.
Alternately, the laser can be focused to a line by a
cylindrical lens and travel parallel to and just above the
substrate (Figure 1¢). In this case, the laser initiates
chemistry in the gas only and not on the surface; this
eliminates possible laser heating of the substrate sur-
face. Since these configurations represent parallel
processing in which the laser interacts with the entire
surface at one time, with no spatially selective pat-
terning, these studies have a single goal: to see if films
can be formed faster, at lower substrate temperature,
and with fewer defects by these laser-assisted tech-
niques than by non-laser methods. Other aims of these
studies include the possibility of monolayer control of
deposits and compatibility with multistep in situ pro-
cessing.

The third type of laser irradiation geometry again
involves broad-area illumination; however, in this case
the illumination passes through a mask before im-
pinging on the surface (Figure 1d). The mask may be
on the surface (contact printing) or very near the sur-
face (proximity printing), or it may project patterned
light onto the surface in an arrangement using a lens
(projection printing). In projection printing, which is
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Figure 3. Scanning electron micrograph of projection printed
pattern of aluminum, made by first nucleating the hydroxylated
oxide surface in selected regions by KrF laser (248 nm) photo-
dissociation of TIBA, followed by CVD growth of Al in those
nucleated regions using TIBA. (From ref 27.)

usually preferred to contact and proximity arrange-
ments because of superior resolution and freedom from
defects, an objective is placed between the mask and
the substrate shown in Figure 1d.2® These techniques
retain the effective overall speed of parallel processing,
while having the one-step pattern generation capability
of direct writing. When gas-phase photochemistry
dominates deposition, diffusion in the large volume of
gas excited in this mode of deposition hinders spatial
selectivity. The spatial features of the mask will be
transferred to the deposit only if surface chemistry
dominates, as in the photodecomposition of adsorbed
molecules. Projection printing was used as the first step
in the fabrication of the aluminum patterns seen in
Figure 3.7

Another way to achieve spatially selective deposition
is to combine direct laser writing or projection printing
with a large-area deposition process that is not spatially
selective but is instead chemically selective. Laser
deposition is first used to deposit locally a thin nu-
cleation layer on the substrate. Then a large-area de-
position process, such as thermal CVD, is used which
selectively deposits material on the nucleated areas but
not on the bare substrate. The Al pattern in Figure 3
was produced in this manner. The nucleation layer
deposit need not always be composed of the same ma-
terial as the final thin-film layer. In some cases the
localized “nucleation” layer can serve as a localized
catalyst.28

Most early work on laser-patterned deposition cen-
tered on direct laser writing. However, because the
effective deposition rates needed in practical microe-
lectronics fabrication can be attained only by large-area
patterned projection, most research has shifted to this
area. Still, direct laser writing is the method of choice
for repairs and circuit restructuring and also in testing
and semicustomization of gate arrays when it is too
time-consuming or expensive to make new masks. As
more and more devices are put on a given chip in future
years, circuit repair and restructuring may become ever
more necessary to maintain high yields of working
chips.
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I11. Deposited Materials

Gas-phase reactants containing metal and semicon-
ductor deposit atoms usually fall within one of a num-
ber of classes: hydrides, halides, alkyls, carbonyls, and
the AcAc’s. With few exceptions, most metals have
suitable precursors in only one or two of these classes.
Ideal precursors should either decompose at relatively
low temperature or photodecompose at low intensities
at available laser wavelengths to form impurity-free
films. These reactants and their volatile products
should be relatively unreactive, and they should have
large enough vapor pressures to permit fast deposition
rates. As will be seen below, many of the best precur-
sors used to date still have several disadvantages.
Consequently, the search for new suitable precursor
gases is very important for laser-assisted deposition, as
it is important as well for CVD and UV lamp assisted
deposition of thin films. For example, dimethyl-
aluminum hydride® and (trimethylamine)aluminum
hydride® have recently been synthesized for use in CVD
and laser CVD of aluminum thin films as alternatives
to trimethylaluminum, because they produce purer
deposits, and divinylmercury has been synthesized as
a source of Hg for the photolytic deposition of HgTe
epilayers in place of dimethylmercury, because it has
a much larger absorption cross section.3!

Most research on laser-assisted deposition has con-
centrated on the materials currently used in the fa-
brication of integrated circuits, including the metals Al
and Cu, the semiconductors Si and GaAs, and the in-
sulators SiO, and SizN,. The need for materials in other
applications, such as the production of solar cells and
infrared detectors, has also motivated some of these
studies. For example, much of the work on depositing
II-VI semiconductors is driven by the need for good
infrared detector material.

A. Metals
Metal Alkyls

The metal alkyls were among the first compounds
used in laser deposition®?3* because many of these
molecules photodissociate at 257 nm, thereby permit-
ting photodeposition to be studied in detail using this
wavelength from a frequency-doubled 514.5-nm argon
ion laser line. This is exemplified by the Cd(CHj),
spectrum in Figure 4, which shows significant, though
weak, absorption at this wavelength.®® Many metals
have been deposited from these alkyls by either pho-
tolytic or pyrolytic direct laser writing, including Cd
from Cd(CHj), [DMCd],3233:340 Zn from Zn(CHjg), and
Zn(C,H;), [DMZn and DEZn],#"#! Al from Al(CHy);
[TMAI] (which forms Al;(CHjy)g dimers in the gas
phase),32’36’37’42’“ AIH(CH3)2 [])].V.[A.I'I],29 Al(i-C4Hg)3
(triisobutylaluminum (TIBA)),* Pb from Pb(C,H;),,*
Ga from Ga(CH,);,*"* In from In(CH3),,* and Sn from
Sn(CH,),.?2%%52 Large-area thin-film photodeposition
of aluminum has been studied with a KrF laser at 248
nm and with an ArF laser at 193 nm using TMALI,%%-59
DMAH,® and TIBA266162 reactants; in the last case, a
nucleation layer was first formed by photodeposition
with the laser projected through a mask, and growth
was then continued using CVD (Figure 3). Most of
these studies concentrated on the material properties
of the deposits. The relatively few investigations de-
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Figure 4. UV absorption spectra of DMCd, DMHg, and DMZn.
(Reprinted from ref 35; copyright 1984 American Institute of
Physics.)

tailing the chemistry of deposition will be discussed
below.

Photodissociation of gas-phase dimethylalkyls is
relatively well understood. AH®ys for DMCd and
DMZn to the respective metal atom and two methyl
radicals is ~72 and ~88 kcal/mol, respectively,3>636¢
which is much smaller than the 111 kcal/mol in one
257-nm photon. The bond energies for removing the
first and second methyl groups from these molecules
are ~59 and ~13 kcal/mol for DMCd and ~66 and
~22 kcal/mol for DMZn, respectively,% though this
exact partition of bond energies is not certain.8d This
cited DMCd second bond energy is significantly larger
than the ~6 kcal/mol value cited and used in ref 35.

Photolytic dissociation of a dimethylmetal molecule
to a metal atom and 2CH; appears to occur by the
absorption of a single ultraviolet photon by the follow-
ing route for M(CHy), for M = Cd, Zn, or Hg:3%%5

M(CHj3)o(X'Ay) + hv — M(CHy)o(A'A)  (4a)
M(CH,),(X'A/) + hv — M(CH,),(B'E') (4b)
M(CH,),(AA;) — MCH,(X?A,) + CH;(%A,”)  (4¢)
M(CHy),(B'E’) — MCH,(AZE) + CH,(A,)  (4d)
MCH; — M + CHj (4e)

For A > 230 nm, DMCd is excited only to the bent A
state (reaction 4a), while for shorter A, both the A and
linear B states (reaction 4b) are excited. In both cases,
highly excited CACHj is formed (reactions 4c and 4d),
which is some cases is electronically excited (reaction
4d) and fluoresces. For either route, with the photolysis
wavelengths used in deposition the internal energy of
CdCHy; is expected to greatly exceed AH® 4 for mono-
methylcadmium, ~13 kcal/mol,® so reaction 4e occurs;
this decomposition to Cd + CHj; is expected to be
particularly fast for the CdCHj; product from reaction
4c. Therefore, both methyl groups are removed in CW
or pulsed laser ultraviolet dissociation of dimethyl-
metals. This dissociation pathway is consistent with
the anisotropic UV photodissociation of DMCd,% the
product translational distribution, fluorescence, and
absorption of the products of 193-nm excited DMCd
and DMZn,% and the high levels of vibrational excita-
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tion of the methyl radical symmetric bend and asym-
metric C-H stretch in 248-nm photolysis of dimethyl-
mercury.” As is not unexpected from reactions 4,
metals photodeposited from gas-phase dimethylmetals
are relatively pure. For example, Zn photodeposited
on GaAs from DMZn has <4% C.41b

If the photolyzing laser does not hit the substrate, as
in Figure lc, only gas-phase dissociation of dimethyl-
metals need be considered. However, if the laser hits
the substrate, as in Figure 1a,b,d, photolytic deposition
from both gas-phase and surface-adsorbed metal alkyls
must be examined. This has been done for CW laser
photodeposition of two dimethylmetals: DMCd® and
DEZn.** Sometimes the difference in the ultraviolet
absorption spectra of gas-phase, physisorbed, and
chemisorbed metal alkyls is significant in photolysis.
For example, the fine structure in the gas-phase DMCd
absorption spectrum is absent in the physisorbed
spectrum,®® while the spectrum of DEZn chemisorbed
on fused silica (which probably had adsorbed water or
hydroxyl groups) is weaker and blue-shifted relative to
the physisorbed and gas-phase spectra.*’ At lower
reactant pressures, surface photolysis is most important,
producing films with relatively good morphology and
high electrical conductivity. At relatively high pres-
sures, the rate of deposition can be much faster because
of the dominating contribution of gas-phase photolysis;
however, the material properties of these deposits are
usually poor.

The photochemistry of adsorbed dimethylmetals
could be very different from that of gas-phase molecules
because of surface relaxation, different accessible de-
composition pathways, and the aforementioned differ-
ence in absorption spectra. Other than measurements
of the net deposition rate and analysis of deposit quality
in regimes where the photolysis of either gas-phase or
surface-adsorbed species dominates, there has been far
too little work in this area, with careful examination of
the mechanistic differences beginning only recently.
Preliminary studies suggest that under pulsed irradia-
tion, surface-adsorbed DMCd and DMZn decompose
at 193 nm (ArF laser) but not at 248 nm (KrF laser),
even though there is absorption at this wavelength.”
Furthermore, though the absorption cross sections of
gas-phase and surface-adsorbed species are approxi-
mately equal at 193 nm (for each of these dimethyl-
metals), the photodissociation cross section of each of
these dimethylmetals at this wavelength is ~!/y of the
gas-phase absorption cross section, suggesting that
surface energy relaxation is very important.” These
observations have not been explained well enough to
date; much more work is needed in this area.

Because of its low resistivity and widespread use in
microelectronics, laser-assisted deposition of Al has been
investigated by many groups. In the majority of these
studies, and especially in the earlier work, TMAI was
used as the Al precursor. Unfortunately, TMALI has
been shown to produce very impure films usually, and
is now regarded as an unsatisfactory precursor.

The photodissociation of trimethylaluminum in the
gas phase appears to require the sequential absorption
of several photons to produce pure Al deposits. In one
series of studies® ¢ it was hypothesized that gaseous
TMALI is photodecomposed by 248-nm KrF laser radi-
ation via the steps
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Aly(CHy)s + hv — 2A1(CHy), (5a)
Al(CHy); + hv — Al(CHy), + CH;  (5b)
AI(CH,), + hv — AICH, + CH, (5¢)
AICH; + hv — Al + CH; (5d)

First the dimer is dissociated and then one methyl
group is removed for each subsequent photon absorbed.

The Al,(CHj)g dimer bond energy is ~20 kcal /mol,
while the average Al-CHj bond energy is ~67 kcal/
mol;# the individual A1-CHj bond energies are appar-
ently not known. Energetically, at least four 248-nm
photons are needed per Al,(CHjg)g to produce free alu-
minum atoms and methyl radicals. The internal energy
of TMALI produced in reaction 5a can be as high as ~47
kcal/mol. Consequently, after this excited TMAI ab-
sorbs another 248-nm photon, there may be enough
energy to break two AI-CH; bonds. Then five 248-nm
photons would be consumed per dimer, instead of the
seven photons needed in the route proposed in reactions
5. This proposed four-step mechanism conflicts with
the observed linear dependence of Al 4s %S — 3p P
fluorescence on laser intensity, unless three of the four
steps in reaction 4 are heavily saturated. On the basis
of other studies of metal alkyl photolysis, this seems
unlikely. CH radical A 2A — X 211 fluorescence is also
produced promptly in this photolysis, suggesting that
it may be produced after AICH; absorbs a photon in a
pathway alternate to reaction 5d. CH production may
account for part of the carbon contamination in the
aluminum films formed by TMAI photolysis.?* No CH
fluorescence was observed in the photolysis of tri-
ethylaluminum (TEAl) in this same study,’ which is
consistent with the observation of less carbon contam-
ination in Al films produced from TEAI vis-a-vis TMAL
(As discussed below, the availability of 8-hydride elim-
ination in TEAI but not in TMAI dissociation also helps
explain the purity of Al films made from these two
precursors.)

The yields of Al, AIH, and AICH; were measured
recently by using laser mass spectrometry during the
low-intensity 193- and 248-nm photolysis of gas-phase
TMAI, TEA], DMAH, and TIBA."' (These three
products were inferred from the observed Al*, AIHY,
and AICH;* yields, respectively. The photolysis of
other metal alkyls, such as DMGa, DEGa, DMTe,
DETe, DMDTe ((TeCHs),), and DMDSe were also in-
vestigated in this study.) This technique is particularly
useful in identifying certain specific products and in
determining relative rates of different reaction path-
ways. For 193-nm photolysis, the relative yield of Al
atoms was found to be greatest for the TMAI reactant
and least for TIBA, with the specific order TMAL >»
TEAl > DMAH > TIBA. The ratio of the AICHj; to
Al product densities followed the same order, with
TMAI having the highest fractional yield of AICH; and
TIBA having the least, and, in fact, no detectable
AICH;. This AICH;/Al ratio follows the same order as
the resistivity of the aluminum films deposited from
these reactants. The AIH/Al ratio decreased in the
order TIBA ~ DMAH > TEAl > TMAL

The absence of AICH; in TIBA photolysis in these
experiments’ may be explained by 8-hydride elimina-
tion in TIBA:
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(where M is a methyl group), which cannot occur in
TMAIL and DMAH. The lower AICH;/Al ratio with
TEAI vs TMAL is due to the availability of 8-hydride
elimination as a dissociation pathway in TEAL in ad-
dition to bond breakage to form C;H;. DMAH photo-
lysis leads to a smaller AICH;3/Al ratio than does TMAI
photolysis, because the AI-H bond is stronger than the
Al-CH; bond and is selectively broken in DMAH
photolysis (leaving AIH after two AI-CH; bonds are
broken). In analogous experiments with dimethyl-
aluminum chloride (DMACI), the product distribution
was AlICl > AlH > AICHj, which is the same order as
the relative average Al bond strengths. These experi-
ments explain the large levels of carbon contamination
and high resistivities of Al films deposited by TMAl
photolysis and the purer films produced with the other
precursors.

At 248 nm, the Al yields were found to be lower for
TMAL TEAIl, and TIBA than at 193 nm in these ex-
periments, and the AICH;/Al ratio was relatively low
for TMAI photolysis.”* Curiously, the Al, AlH, and
AlICH; yields varied linearly with laser fluence fo. :he
photolysis of each reactant at 193 and 248 nm, w' ich
is consistent with the observations in ref 56. Since these
products cannot form after the absorption of a single
photon because of energy considerations, it appears that
a multiple-step process must occur, which is partially
saturated even at relatively low laser intensities. This
is still not well understood.

Though it is clear that stepwise absorption is im-
portant in gas-phase photodissociation of these Al
precursors, the specific steps have not been determined
yet. It should be noted that in one study of 193-nm
deposition of Al films from TMALI, conducted with an
electric field present,”” there was indirect evidence
presented for the formation of positive Al ions during
deposition. These ions were probably produced by
multiphoton ionization.

The relatively few detailed studies of the photolysis
of surface-adsorbed aluminum alkyls have been con-
ducted only recently. One study of 193-nm photode-
composition of TMAI adsorbed on aluminum at am-
bient temperature’™ used time-of-flight measurement
and suggests a multistep mechanism similar to that
outlined above (eq 5) for the photolysis of TMAI in the
gas phase. Apparently, TMAI on the surface is found
in the form of dimers,” as in the gas phase. During
photolysis, TMAI monomers come off the surface with
a temperature only slightly higher than that of the
substrate, while DMAIL, MAI, and methyl radicals leave
the surface much hotter, with temperatures ranging
from 900 to 1300 K under the conditions of this study.
All observed Al atoms were attributed to the fraction-
ation of Al-containing radicals in the mass analyzer.
Sequential absorption of photons by the Al-containing
adsorbates is suggested by the measurement of suc-
cessively higher laser intensity thresholds for the ap-
pearance of successively smaller Al(CHj), fragments in
the gas. More work is needed to confirm this proposed
mechanism.

In earlier studies,’ this same group noted that the
fractional carbon content in Al films produced by the
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193-nm photolysis of TMAI on Si increased linearly
with laser intensity, suggesting that secondary photo-
lysis or a two-photon process is responsible for the
carbon impurities in these Al films. In a different study
of photolysis of TMALI adsorbed on Si(100),” using
XPS, UPS, and HREELS, surface photolysis was ob-
served at 193 nm but not at 248 nm. Methyl groups
were found to leave the surface upon 193-nm excitation
of the adsorbed TMALI; however, carbidic and polymeric
carbon were found to remain on the surface even at high
intensity and with continued laser exposure. Photolysis
of TMALI at 193 nm on both Al and Si surfaces probably
involves the sequential absorption of several photons
and is certainly incomplete, with carbon impurities
always remaining.

Analogous experiments of 193-nm photolysis of TMAL
chemisorbed on hydroxylated oxides (Al,04, SiO,,
Si0,/8i) have also been performed. In this case, methyl
radicals were observed to leave the surface subthermally
(150 K),%8 in contrast to the hot methyl radicals ob-
served in similar experiments on aluminum cited above.
Optoacoustic surface infrared spectroscopy has also
been utilized in this series of investigations to monitor
C-H bonds of TMAI adsorbed on these hydroxylated
oxides both before and after laser irradiation.”>"” There
was no observable change in the strength of the C-H
stretching bands after 248-nm irradiation; however,
after irradiation at 193 nm, all C-H bands disappeared,
indicating photolysis.

To help explain these photolysis experiments, this
group calculated the electronic structure of molecules,
such as AlH; (by the general valence bond method
(GVB)) and AIH,(CH;) (configuration interaction
(CI)), to serve as models of Al complexes adsorbed on
these surfaces. These calculations suggested to the
authors that optical excitation of adsorbed TMAI does
not directly lead to the dissociation of the adsorbate to
produce CHj. Instead, an electronically excited meta-
stable bound state or unbound state is thought to be
formed in which the product has little energy available
for translation. Furthermore, most of the available
energy probably accommodates with the surface. Be-
cause these model molecules only crudely approximate
the real physical system, much more work is needed for
a definitive understanding.

The desorbed products of excimer laser photolysis of
TMALI TEAL and TIBA adsorbed on quartz and silicon
covered with native oxide have also been examined by
laser mass spectrometry.” Al, AIH, and AICHj; prod-
ucts were detected from laser photolysis of these ad-
sorbed alkyls at 193, 248, and 308 nm. These three
products were also observed in the 193- and 248-nm
gas-phase photolysis of these aluminum alkyls in this
same study; however, at 308 nm no products were ob-
served in gas-phase photolysis. Moreover, large
AICHj;/ Al ratios were measured during 248-nm photo-
lysis of adsorbed TMAL, while much smaller product
ratios were measured for the similar photolysis of gas-
phase TMAIL This indicates that a large amount of
carbon impurities will be found in Al films deposited
by photolysis of either gas-phase or surface-adsorbed
TMAL Note that in this study,” 248 nm light photo-
lyzed TMALI on oxide surfaces, while in the similar
studies reported in ref 75-77, no products were mea-
sured at 248 nm.
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As with photolytically produced material, metals
deposited pyrolytically from dimethylmetals are rela-
tively free of carbon. However, aluminum films from
pyrolysis and photolysis of TMAI are contaminated
with carbon. Specifically, films thermally deposited
from TMAI have the approximate stoichiometry Aly-
C;.® This explains the ever increasing use of alter-
native metal alkyl sources of aluminum, such as TIBA,
in conventional and laser-assisted deposition of Al films.
The attraction of TIBA as a precursor stems from
studies of Al deposition by CVD using this precursor,
which have shown that pure Al films are deposited,®P
and that the chemical decomposition of TIBA can be
surface selective.

Conventional thermal deposition of Al films from
TIBA on Al(100) and Al(111) produces carbon-free
deposits for 470 < T < 600 K, while carbon impurities
appear for T > 600 K.” The rate-limiting step is the
decomposition of surface butyl ligands. Up to 600 K,
this occurs by 8-hydride elimination (reaction 6), pro-
ducing volatile isobutylene and hydrogen, with no C
remaining on the surface. Above 600 K, 3-methyl
elimination can also occur, which leaves residual carbon
on the surface. On Si substrates, Al deposition from
TIBA is slow to 650 K; above 750 K, carbon-cont-
aminated Al deposits are formed. As mentioned earlier,
B-hydride elimination cannot occur in TMAI decom-
position and therefore this route to carbon-free Al de-
posits is not available in laser pyrolytic deposition using
TMAI Recent work on thermal dissociation of TMAI
may be found in the references.’™

Thermal decomposition of TIBA on oxide surfaces
produces an aluminum oxide—carbon layer which does
not promote further growth of aluminum.?# Conse-
quently, after the spatially selective deposition of Al
nucleation sites (containing Al, C, and 0)%? on oxides
by direct laser writing*® or projection printing,?¢ the
spatially selective growth of thicker Al layers can be
continued by using this chemically selective thermal
deposition of TIBA (Figure 3).62

The most important metal in microelectronics
available from an alkyl precursor is aluminum, Since
TMAI has many disadvantages as a precursor, much
recent research on laser-assisted Al deposition has em-
ployed other reactants, such as TIBA and DMAH, in-
stead of this intensively studied molecule. As has been
seen, with proper choice of reactants and conditions,
pure and indeed spatially selective aluminum thin films
can be fabricated by laser-assisted deposition. Dis-
cussion of the laser decomposition of those metal alkyls
usually used as precursors in III-V and II-VI semi-
conductor deposition, such as TMGa and DETe, is
delayed to section III.B.

Metal Carbonyls

Direct writing of several metals has been demon-
strated by using focused CW laser deposition from their
respective metal carbonyls, including Ni from Ni(CO),
pyrolytically,?*8% Fe from Fe(CO); pyrolytically®:87
or photolytically,®® and several refractory metals pho-
tolytically (W from W(COQ),,'%52889 Cr from Cr-
(CO)g,28%1%2 and Mo from Mo(CO)¢!%%%) or pyrolyt-
ically (W,5286.86b Cr 96b and Mo%b97), In one of these
examples,'® a hybrid deposition technique was used in
which deposition began photolytically using the 350-
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360-nm lines from an argon ion laser on a transparent
substrate and then growth was continued pyrolytically
after the initial deposition of an absorbing thin film.

Large-area deposits of metal films have been formed
by excimer laser deposition of the carbonyls: Fe %9
W,100,101 Cp 100-103 g1 d Mo.10%19!1 In these examples, the
excimer laser was either parallel to the substrate, in
which case deposition by only gas-phase photolysis was
important and impurity-ridden films were formed, or
the laser impinged the surface, so that mixed photoly-
sis/pyrolysis of gas-phase and/or surface-adsorbed
molecules contributed and relatively more pure (but
still $7% O, ~1% C),'® ghiny films were deposited.
Ni has also been deposited over large areas by CO, laser
induced breakdown of gaseous nickel carbonyl.!0¢

In photolytic deposition using the tungsten, molyb-
denum, and chromium carbonyls, transitions to disso-
ciative metal-ligand charge-transfer states 'A;, — T,
and A, — T, @ are excited. These absorption bands
are quite broad and peak roughly near 2850 and 2250
A, respectively.101105 The lifetimes of the excited states
of Fe(CO); near 305 and 280 nm are less than 2 and 0.6
ps, respectively.l%

Conventional pyrolytic deposition of many of these
carbonyls has been studied: Ni(CO),,'%" Fe(CO);,108109
Cr(C0)e,1%® Mo(CO)g,1%° and W(CO)q.1% AH®,g for
these five metal carbonyls to their respective metal
atom and gas-phase CO molecules is 140, 140, 154, 218,
and 256 kcal/mol, respectively, corresponding to an
average energy per metal-CO bond of 35, 28, 26, 36, and
43 kcal /mol, respectively.?1%® For comparison, AH® g
for the first metal-CO bond dissociation in these five
carbonyls is 25, ~41.5, 36.8, 40.5, and 46.0 kcal /mol,
respectively.!0®

The nascent product distribution in the gas-phase,
excimer laser photodissociation of several of these
carbonyls has been deduced by using PF; as a scaven-
ger.11%112 The laser intensity in these experiments was
kept low enough so that only one photon was appar-
ently absorbed per reactant molecule, with no secondary
photolysis. In the photolysis of Fe(CO)s (AH®5g = 140
kecal/mol), the branching ratios to Fe(CO)4, Fe(CQ)s,
Fe(CO),, and Fe(CO) were measured to be 0.23, 0.46,
0.31, and 0.00, respectively, at 352 nm (tripled Nd3*:
YAG laser, 81 kcal/mol), 0.10, 0.35, 0.55, and 0.00 at
248 nm (KrF laser, 115 kcal/mol), and 0.09, 0.09, 0.81,
and <0.012 at 193 nm (ArF laser, 148 kcal/mol).110:111
Gas-phase photodissociation of Fe(CO); to Fe + 5CO
is energetically allowed at 193 nm but apparently does
not occur. In the photolysis of Cr(CO)s (AH 955 = 154
kcal/mol) at 248 nm, the branching ratios to the nas-
cent products Cr(CO);s, Cr(CO),, Cr(CO)3, and Cr(CO),
were found to be 0.03, 0.73, 0.14, and 0.10.112 Similar
measurements have been made for the photolysis of
iron pentacarbonyl and the metal hexacarbonyls by
using transient infrared absorption spectroscopy of the
CO and M(CO), products!!® and VUV laser-induced
fluorescence (LIF) of the CO products.!4

Photodissociation of Fe(CO); in a collisionless mo-
lecular beam with 193 nm from an ArF laser has been
examined more recently.!’® Time-of-flight measure-
ments indicate that Fe(CO), accounts for >99% of all
Fe-containing photoproducts after the absorption of one
photon, with the three CO eliminated sequentially with
no correlation. This nascent product distribution,
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produced by the following mechanism, is the only route
predicted statistically:

Fe(CO); + hy — Fe(CO)s* (7a)
Fe(CO)s* — Fe(CO)4* + CO (7h)
Fe(CO),* — Fe(CO)s* + CO (7c)
Fe(CO);* — Fe(CO), + CO (7d)

where the asterisk denotes internal excitation. The
earlier studies with a PF; scavenger!!®!!! found that
Fe(CO), accounts for only 81% of the Fe-containing
products, a somewhat smaller fraction than measured
under collision-free conditions.. Note, however, that
because of the collisional relaxation and reactivity that
probably occurred in the scavenger studies, those earlier
experiments more closely mimic the conditions during
laser photodeposition of films than do the molecular
beam experiments. Still, note that the VUV LIF
measurement of CO products formed in Fe(CO); pho-
tolysis at 193 nm,!!* also conducted in a collisionless
molecular beam, arrived at a different final state Fe-
(CO), distribution than did ref 115 (and also ref 110 and
111). In the molecular beam studies conducted at
higher laser intensities, a second 193-nm photon was
absorbed by the Fe(CO), photoproduct, leading to the
sequential elimination of the two remaining CO ligands
to produce Fe atoms.!% Also, the values of the five
Fe(CO); bond energies were obtained in these studies!!s?
by adjusting the model fit to the measured velocity
distribution in (one photon) 193-nm and (one and two
photon) 248-nm photolysis of Fe(CO);, using a modified
form of the separate statistical ensemble theory. The
first through fifth bond energies were found to be 41,
10, 25, >27, and <39 kecal/mol, respectively.

After the transition metal hexacarbonyls absorb one
248-nm photon in a collisionless molecular beam!15 two
or three CO are eliminated [Cr(CO)g to Cr(CO), (0.38)
+ Cr(CO); (0.62); Mo(CO)s to Mo(CO), (0.85) + Mo-
(CO)4 (0.15); W(CO)q to W(CO), (1.0)], the first CO
nonstatistically and the others statistically.!13!15 Free
Mo and W atoms are formed only after the absorption
of three 248-nm photons,115¢

Though energetically allowable in some instances, in
no case is the carbonyl fully stripped of all CO after the
absorption of only one photon at these laser wave-
lengths.!'® One such example is Fe(CO); photolysis,
where two 193-nm photons are needed to produce a free
Fe atom, though energetically, only one 193-nm photon
is needed. This explains the many observations of very
large C and O impurities in photolytically deposited
metals from the gas-phase carbonyls, particularly in CW
photolysis where laser intensities are so low that only
one photon is absorbed.

In CW 257-nm deposition of Cr from gas-phase Cr-
(CO)g, the Cr atomic fraction in the film has been found
to be about 0.3, with most of the impurity being O
(0.5-0.7) and the remainder C (0.1).°93% In these ex-
periments, deposition occurs from the photolysis of both
gas-phase and surface-adsorbed species. In one of these
studies,® the deposits within the laser-irradiated areas
were found to have the approximate stoichiometry
CrCO, while those outside the laser irradiation region
had the approximate composition Cr(CO),;. Though
products from gas-phase and surface-adsorbed mole-
cules contributed to the first observation, while prob-
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ably only gas-phase dissociation contributed to the
latter, it is hard to obtain dynamical information from
these observations, other than the incompleteness of
photolysis. It should be noted that the adsorption of
metal carbonyls to surfaces is generally fairly weak at
the ambient temperatures used in this study, but can
be significant at lower temperature. Also, adsorption
is quite dependent on surface preparation, so the rela-
tive contribution to deposition from photolyzed gas-
phase and adsorbed metal carbonyls depends critically
on the experimental conditions."* Similar experiments
involving molybdenum and tungsten carbonyls gave
only slightly purer metal films (0.4-0.6 metal, 0.3-0.4
0, and 0.1-0.3 C).®% The high impurity level in these
metal films produced by low-intensity photodeposition
is expected from the photolysis studies cited earlier.

Definitive studies of photodissociation of the metal
carbonyls adsorbed on surfaces cleaned in UHV, with
no gas phase present, suggest that the decomposition
to pure metal is also incomplete in most cases.%1117-122
Many of these studies were conducted at temperatures
below ambient because of the weak adsorption of car-
bonyls on substrates, such as Si at 300 K. In one series
of studies, the deposition of Mo, W, and Fe was exam-
ined by low-intensity CW laser irradiation of the re-
spective carbonyls on Si(111) 7 x 7.9L118-120,128 At 90 K
substrate temperature Mo(CO)g and W(CO)4 adsorbed
molecularly, while Fe(CO); adsorbed partly molecularly
and partly dissociatively. Low-power UV radiation (257
nm) was shown to remove some, but definitely not all,
of the CO ligands for each of the three carbonyls, with
the adsorbed Mo(CQO)g decomposing to form (possibly)
Mo(CO); on the surface. Only ~10% of the photoex-
cited Mo(CO)g molecules were found to release at least
one CO ligand.!’® The residual C and O apparently
remain only as CO ligands. In contrast, low-power
visible radiation (514.5 nm) led to no dissociation at all
in any of the three carbonyls, though it did lead to
structural changes in adsorbed W(CO)¢ and Fe(CO);.1*®
These experiments demonstrate that adsorbate ab-
sorption of photons, and not the creation of electron—
hole pairs in the substrate, is important in photode-
composition, even though electron-hole pairs may in-
fluence the structure of the adsorbate. At high power,
514.5-nm radiation induced thermal desorption of only
intact metal carbonyl molecules. Figure 5 shows EELS
spectra from ref 120, which demonstrate the influence
of photons on adsorbed Mo{(CO)s.

Analogous studies have been performed for excimer
laser photolysis of several metal carbonyls adsorbed on
surfaces under UHV conditions. Photolysis of W(CO),
adsorbed on Si(111) at 120 K using 248 (KrF laser) and
308 nm (XeCl laser) also led to incomplete decompo-
sition.’?1122 In the 248-nm photolysis of Mo(CO)g ad-
sorbed on UHV-prepared Si(100) at 150 K, the photo-
chemical decomposition cross section was measured to
be about 5 X 10717 cm?, which falls within the range of
measurements of the gas-phase absorption cross section
((0.5-8) X 10717 ecm?).17 In that study, the remaining
film had stoichiometry MoCQg3. The flux of CO de-
sorption due to photodissociation of Mo(CO)g adsorbed
on Si(111) at 90 K has been shown to follow the ab-
sorption coefficient of the carbonyl, increasing rapidly
from zero as the photolysis wavelength is decreased
from about 360 nm.'? As with the previously cited
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Figure 5. EELS (electron energy loss spectroscopy) spectra of
1.5 L of Mo{CQO)g on Si(111) 7 X 7 (a) at 90 K, (b) after 514.5-nm
laser irradiation of 40 mW/cm? for 20 min, (c) after 257-nm laser
irradiation of 3.8 mW /em? for 20 min, (d) after 514.5-nm laser
irradiation of 2.4 W/cm? for 5 min, and (e) after resistive heating
to 950 K. (Reprinted from ref 120; copyright 1988 Gordon &
Breach Science Publishers Ltd.)

studies of adsorbed carbonyls,!'® temperature-program-
med desorption showed that unphotolyzed carbonyl
adsorbates and visible laser irradiated adsorbates both
desorb intact.

There is evidence of complete removal of all CO
groups in one study of photolysis of adsorbed metal
carbonyls, the 248-nm photolysis of Fe(CO); adsorbed
on UHV-prepared Si(111) 7 X 7.12112¢ Infrared ab-
sorption measurements after photolysis indicated no
bound CO molecules, and furthermore, Auger analysis
found no elemental C and O as well. Because the
photon energy 115 kcal/mol for one 248-nm photon is
less than AH® 5 for Fe(CO)s, 140 kecal /mol, each mol-
ecule must be absorbing more than one photon. The
dependence of yield vs laser fluence in this experiment
did not give a conclusive indication of the number of
photons absorbed per Fe(CO); molecule. In this study,
the photochemical decomposition cross section (~1.2
X 10716 ¢cm?) was found to be comparable to the gas-
phase absorption cross section (0.27 X 1071¢ ¢cm?).

In addition to the incomplete photolysis of adsor-
bates, dissociative chemisorption of product CO is a
source of the impurities found on the surface after the
photolysis of metal carbonyls.®? Even though there is
evidence that the CO ligands remaining after photolysis
are intact,''® it should be remembered that each of these
cited studies of UV photodecomposition of adsorbed
metal carbonyls was conducted at low surface coverage.
At higher coverages and in the actual growth of thin
films, large C and O impurities are not unexpected for
Fe, W, Cr, and Mo deposition because of dissociative
chemisorption of the CO products,'?® which are initially
released to the gas and can later reappear at the surface
during the course of photodeposition.

Laser CVD of Ni from nickel carbonyl by heating
amorphous silicon films with focused visible krypton
and argon ion lasers produces very pure material with
a resistivity 2-3X bulk.?##2 The measured effective
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activation energy for deposition is 22 + 3 kcal/mol,*
which is consistent with that for conventional CVD, 22
kcal/mol.17 A recent study of laser CVD of W, Cr, and
Mo from their carbonyls®® has shown that very pure
deposits of each of these metals can be produced. A
focused argon ion laser (514.5 nm) was used to heat
silicon (with native oxide) in the presence of the metal
carbonyl at its room temperature vapor pressure. Un-
der UHV base pressure conditions (~107°-10"8 Torr),
very pure deposits of each of these metals were de-
posited, sometimes with trace quantities of C or O.
These deposits are purer than those usually obtained
by conventional CVD. With poorer base pressure
conditions (~1074-10"% Torr), the W and Mo deposits
were still very pure, but Cr,0; deposits were produced
when Cr(CO)g was the precursor.

Since CO adsorbs molecularly on nickel surfaces,!?®
it is not surprising that pure nickel films can be de-
posited pyrolytically with lasers, as has been shown to
be true also for conventional thermal decomposition of
nickel carbonyl.!®” However, because of dissociative
chemisorption of CO on W, Cr, and Mo at room tem-
perature,'? it is somewhat surprising that laser CVD
can produce pure deposits of each of these metals.%®b
Perhaps, at the elevated temperatures used in these
laser CVD experiments dissociative chemisorption of
CO is relatively unimportant in the overall process
kinetics.

Laser-assisted photolytic deposition of metals from
the carbonyls produces films that are laden with carbon
and oxygen impurities in most cases. This is definitely
true for the photodeposition of refractory metals from
gas-phase and adsorbed carbonyls at low laser fluences,
an area that has been studied intensively. Formation
of pure deposits of nickel and the refractory metals
appears to be possible by laser pyrolytic deposition from
metal carbonyls.

Metal Halides

An alternate source of tungsten is the highly volatile
metal halide WFg. This compound can be used to form
tungsten films thermally in several ways.1%71%0 The
detailed mechanisms of several of these thermal modes
of deposition are still uncertain and, in fact, are under
intensive scrutiny at present. The important net re-
actions of interest in pyrolytic laser deposition of
tungsten are given here, with some of the mechanistic
details, when available. In each case of W deposition
by WF, reduction, the highly corrosive reactant is re-
placed by another corrosive gas product.

At temperatures below 750 °C, tungsten can be de-
posited by hydrogen reduction, with apparent net re-
action

Kinetic studies'¥” have shown that when the growth rate
is not transport limited, there are two regimes of this
type of deposition, depending on the nature of reactant
flow, both having E,; ~ 17 kcal/mol. In one regime,
characterized by relatively more streamlined flow, the
reaction orders with respect to WFg and H, are 0 and
1/,, respectively, while in the second regime, charac-
terized by more turbulent flow and more heating of the
gas by the heated substrate, these reaction orders are
2 and 2.
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From a Langmuir-Hinshelwood type analysis, the
rate-limiting step in this first regime appears to be H,
dissociation on the surface.!*” The measured E, is
consistent with measured values of H, migration on
tungsten surfaces, which is thought to be a key step in
dissociation by bringing H, to sites where one of the H
atoms can jump to a neighboring site. Homogeneous

reactions appear to be important in the second re-
127

gime,'?” with hypothesized reaction schemes
WF; + H, — WF, + H,F, (8b1)
WF; + WF, — W,Fy, (8b2)
W.Fo + Hy — WoFoHy (8b3)
2WF; + 2H, — W,F,-H, + H,F, (8b")

and

WF; + H, — WF, + H,F, (8cl)
WF, + H, — WF, + 2HF (8¢c2)
WFs + WF, — W,F, (8¢3)

2WF6 + 2H2 - H2F2 + 2HF + W2F8 (SC’)

These possible steps are questionable, in part because
of the inclusion of the unknown molecule HyF,. The
kinetic details in this second regime remain unresolved.
WF, can also be reduced by a Si substrate, in which
the near-surface layers of Si are replaced by W.128.129
For T > 450 °C, the dominant gas product is SiF,

2WF; + 3Si — 2W + 38iF, (9a)
while for T < 450 °C, SiF, is the main gas product
WF, + 3Si — W + 3SiF, (9b)

Initially, these reactions occur on the bare silicon sur-
face, onto which WF¢ has a sticking coefficient of ~0.3
for T' = 200-700 °C (Si(100)). As the reaction proceeds,
Si atoms from the bulk diffuse through the deposited
W to the surface and react with WF,;. Apparently, the
sticking coefficient of WFg on “Si on W” is higher, ~
0.48. Both the SiF,; and SiF, products have prompt
components (as the WF sticks to the surface) and slow
components (several tens of seconds), possibly due to
regrouping of adsorbed F atoms on the Si surface to
form volatile products.!?® This type of growth is self-
limiting to ~500-A-thick tungsten films.!?’ Currently,
there is no detailed kinetic model to account for reac-
tions 9.

Yet another route for conventional thermal tungsten
deposition has been investigated recently, WF, reduc-
tion by silane at relatively low temperatures (300 °C).
The net overall reaction is!3°

9WF, + 3SiH, — 2W + 3SiF, + 6H,  (10)

which is 23 kcal/mol exothermic. For T' < 600 °C, no
HF is formed. Recent studies'® indicate that the net
reaction 10 represents one cycle that is continually re-
peated. First, WFy fluorinates the W surface; then
silane reacts with the fluorinated surface to form SiF,
and H,, leaving silicon and silicon subfluorides on the
surface; WFg then reacts with this surface to form SiF,
and regenerates the fluorinated tungsten surface for the
next cycle.

Another mode of tungsten CVD has been reported!?
for temperatures above 750 °C in a nonreducing at-
mosphere, in which WFg apparently decomposes on an
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inert substrate by the net reaction

This has not been studied in detail.

Laser-assisted analogues of most of these thermal
modes of tungsten deposition have been demonstrated.
In two cases, the deposition is surface specific: for WFg
reduction by a silicon surface (reactions 9) and for
heterogeneous WF, reduction by H, (reaction 8a), which
requires a surface that can dissociate H,, such as
tungsten.

Direct writing of tungsten has been studied by using
focused argon ion or COj, lasers to heat a surface locally
to induce hydrogen reduction of WF; (reaction
8)23:83:86,131-135 o1 the reduction of WFg by crystalline or
amorphous silicon surfaces (reactions 9a,b).136138 In the
latter process, the maximum film thicknesses are self-
limited to 500-1000 A, as in conventional thermal
processing, because of the need for tungsten species to
diffuse through the deposited film to the underlying
W/Si interface. These laser-deposited tungsten fea-
tures are very pure and generally have good morphol-
ogy.

The kinetics of local laser CVD of tungsten on native
oxide atop Si using WFg/H, mixtures has been studied
recently.!® In this investigation, the reaction orders of
the deposition rate with respect to WFg and H, were
determined to be !/ and !/,, respectively. On the basis
of the analysis in ref 127¢, this suggests that the rate-
limiting step in laser CVD of tungsten is HF desorption
from the surface. This is surprising since in the anal-
ogous CVD experiments, the reaction orders were 0 and
1/,, respectively, when surface decomposition domi-
nated, which suggested instead that H, dissociation was
the rate-limiting step. The reason for this difference
is not clear.

Recently, direct writing of pure tungsten lines at fast
scanning speeds has been demonstrated by using
WF;/SiH, mixtures (reaction 10).1% Only low laser-
induced temperature rises (to 150 °C) are needed to
drive this highly exothermic reaction. With a relatively
larger reactant fraction of silane, tungsten silicide can
be formed instead of tungsten (which is sometimes
undesirable in applications because of its relatively
higher resistivity). WFq/SiH, mixtures can be explo-
sive. This danger is alleviated by operating at lower
total reactant pressures and silane partial pressures (5/1
reactant ratio, total reactant partial pressure of 10 Torr,
buffered to 350 Torr) and with suitably fast flow of
reagents and products through the reaction zone.

Large-area deposition of tungsten films by hydrogen
reduction of tungsten hexafluoride has been investi-
gated by using an ArF laser (193 nm) passed above a
heated substrate to assist the reaction photolytically by
dissociating WFg.140-142 The activation energy of reac-
tion 8 without laser photolysis, ~17 kcal/mol, is de-
creased to 9.7 kcal/mol'® (or 8.2 keal/mol'*?) with laser
photolysis, showing that surface chemistry is still im-
portant in laser photodeposition and, concomitantly,
that the substrate temperature is still a significant pa-
rameter during this “photolytic” process.!® It has been
hypothesized that the 193-nm radiation releases one or
more F atoms from WF; molecules during photodepo-
sition of tungsten;'4%!42 this has not yet been proven.
The reaction order during laser photolysis was shown
to be !/, with respect to WF, and 1 with respect to
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Figure 6. Structure of some of the AcAc’s used in laser deposition:
(a) Me,Au(AcAc) with R = R’ = CHj; Me,Au(TFAc) with R =

CH;, R’ = CFy; Me;Au(HFAc) with R = R’ = CFy; (b) Cu(HFAc)s.
(Adapted from ref 147 and 148.)

H,,¥2 which is very different from that in thermal
CVD,'?” where the orders with respect to WFg and H,
are 0 and /,, and 2 and 2, respectively, in the two
regimes described earlier.!?” There is currently no
satisfactory description of the kinetics during this type
of laser-assisted deposition.

Though the corrosiveness of tungsten hexafluoride
and its volatile products can lead to processing prob-
lems, this molecule is still a very useful, and certainly
the best available, source for laser-assisted deposition
of pure tungsten films. Another potential metal halide
source of tungsten is WClg; however, its low vapor
pressure makes it a much less attractive precursor than
WF,.

It should also be noted that the volatile metal halides
are also a good source of titanium. Direct writing of Ti
lines has been demonstrated by photodeposition from
TiCl, at 257 nm.!*® Also, films of the complex Ti:Cl
Al:CH; have been photodeposited from coadsorbed
TlCl4 and 1&12(01’13)6.28'144

Finally, In, T, and Al films have also been deposited
by laser photoionization of their corresponding iodide
or bromide in the presence of a uniform electric
field_145,146

Metal Acetylacetonates

Since most noble metals do not form stable, volatile
alkyls, carbonyls, or halides, other precursor molecules
are needed to achieve laser-assisted deposition, or even
conventional CVD, of these metals. The 2,4-pentane-
dionates, also known as (-diketonates or acetyl-
acetonates, and commonly referred to as AcAc’s, permit
pyrolytic and photolytic deposition of these metals 147148
Typical AcAc structures are shown in Figure 6.
Though they generally have relatively low vapor pres-
sures, from 8 to 700 mTorr at ambient temperature,?
their vapors decompose at relatively low temperatures
{~200 °C) and have photodissociation bands in the
near-ultraviolet (~250-350 nm), making them good
candidates for laser-assisted pyrolytic and photolytic
deposition.

Both localized and large-area films of Cu, Au, and Pt
have been deposited by pyrolysis and photolysis, and
of Pd by photolysis; there has been limited work on
infrared-laser-assisted deposition. Copper deposition
has been achieved by using Cu(HFAc), [bis-
(1,1,1,5,5,5-hexafluoro—2,4—pentanedionate)copper(1)]
(Figure 4);1%%158 gold deposition has employed Me,Au-
(AcAc) [dimethylgold(III) acetylacetonate] and its two
more volatile fluorinated derivatives Me,Au(TFAc)
[dimethylgold trifluoroacetylacetonate] and Me,Au-
(HFAc) [dimethylgold hexafluoroacetylacetonate]
(Figure 4);14815415 platinum deposition has involved
Pt(AcAc), [platinum acetylacetonate]'®® and Pt(HF-
AcAc), [platinum bis(hexafluoroacetyl-
acetonate)];1%5016L162 {ridium deposition has used Ir-
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(AcAc); [iridium acetylacetonate];'®® and palladium
deposition has employed Pd(HFAcAc), (and films of
PdAcAc and PdAc).!% In this last study, spatially
localized Pd thin films deposited on polyimide using 351
nm from an argon ion laser served as sites for further
growth of copper by electroless deposition. In another
AcAc study, Pt films were deposited from Pt(HFAcAc),
in a hybrid mode, with only photodeposition occurring
initially on the transparent substrate and then with
pyrolytic deposition beginning only after the photode-
position of a thin, absorbing Pt film.2° Furthermore,
in a related study'®? it was shown that with a small
increase in the laser-induced temperature rise, by a few
tens of degrees, photolytic deposition of Pt went from
being dominated by the photolysis of surface-adsorbed
species to the photolysis of gas-phase Pt(HFAcAc),
molecules.

In most cases, laser pyrolytic deposition from the
AcAc’s produces very pure metal films (3>95%),'8 while
purely photolytically deposited films are highly laden
with carbon (~10-90%),4"14 oxygen, and, when
present in the precursor, fluorine impurities, 147152162

Very little research was performed on the photolysis
of gas-phase AcAc’s before this recent interest in la-
ser-assisted metal deposition; however, extensive studies
had been conducted earlier of the photolysis of AcAc’s
in solution.'*” Only the ultraviolet absorption bands in
AcAc’s can be used for photolytic decomposition. For
example, Cu(HFAc), dissociates when the strong ab-
sorption peak near 250 nm is excited, but the close
analogue Cu(AcAc), is stable when it is excited within
its visible absorption band near 600 nm; this is pre-
sumably true also for Cu(HFAc),.14%1%¢ Absorption in
the ultraviolet in the AcAc’s is due to ligand-centered
n-7* and w—7* excitations near 300 nm, and charge
transfer to metal (CTTM) and to ligand (CTTL) tran-
sitions from 200 to 300 nm.#’

In laser photolysis of gas-phase Cu(HFAc),, adding
ethanol and increasing the light intensity both increase
the ratio of Cu/contaminants, presumably by helping
form more volatile products.1#14%152 In fact, ethanol
is necessary to form any deposits at all using the low-
intensity levels in Hg lamp assisted deposition. Ap-
parently, at low light intensities ethanol serves as a
coreductant and, as in solution, gives two electrons to
reduce Cu?* to metallic Cu.}¥® There is proportionately
less O and F than C contamination in the photodepo-
sited Cu film vis-a-vis the Cu(HFAc), reactant, sug-
gesting that the volatile products are relatively rich in
O and F.}7 Film purity is not affected by reactant
pressure or temperature during photodecomposition.4?

Free Cu atoms have been identified by laser-induced
fluorescence promptly after the KrF laser (248 nm)
photolysis of Cu(HFAc),.1%! The importance of colli-
sions in forming the Cu atoms was not ruled out in these
experiments, and the possibility of absorption by pho-
toproducts was also not considered. Since these ex-
periments were conducted at laser intensities much
higher than those commonly used during CW laser
photodeposition (of impurity-laden Cu films), the rel-
evance of this observation of free Cu atoms (which
would be expected to give pure copper films) to the
photodecomposition experiments cited above is not
clear. Furthermore, Cu films deposited by 248-nm (KrF
laser) or 193-nm (ArF laser) photolysis of Cu(HFAc),
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have been shown to have significant levels of C, O, and
F impurities.'*® This suggests that while some free Cu
atoms may form, other incompletely photolyzed mole-
cules may also be present, which help produce the de-
posit.

The laser-induced increase in surface temperature
needed for the decomposition of the AcAc’s is very low
relative to that required for the other metal precursors.
For example, Cu(HFAc),; decomposes above 220 °C,
while Me,Au(AcAc) decomposes above 165 °C. Since
pyrolytically deposited films are pure, the ligands ap-
parently desorb intact. Few fundamental studies have
been done to understand this process. One such study
utilized modulated relaxation spectrometry to examine
the gas-phase products during gold deposition by de-
composition of Me,Au(HFAc) on laser-heated sub-
strates.!” Two gas-phase products were identified from
the mass spectrum, C;H,0O,F; and C,Hg. This first
product may be formed after the recombination of CHy
and HFAc ligands to produce a complex that then
fragments to form this product and CF;. The detailed
mechanism of this formation is currently unknown.

Laser pyrolytic deposition of Au, Cu, Pt, and Pd using
AcAc precursors produces highly pure films and re-
quires relatively low temperatures for deposition, which
is good for overall compatibility in microelectronics
processing. However, the maximum deposition rates
are fairly slow because of the low vapor pressure of the
reagents. The vapor pressure can be increased, thereby
improving deposition rates, by using the more volatile
fluorinated AcAc’s and by operating the reaction
chamber at above-ambient temperatures.

Other Metal Precursors

Alternative gas-phase precursors for the deposition
of several metals are under current scrutiny because of
some of the disadvantages of the compounds discussed
above. For example, (trimethylamine)aluminum hy-
dride (TMAAH) has recently been used as a precursor
for Al in pyrolytic direct writing using 514.5 nm from
an argon ion laser.?® This compound produces deposits
that are purer (>97% Al) than those produced with
TMAI or TEAIL and has a vapor pressure of 2 Torr at
25 °C and, as such, is much more volatile than TIBA.
Both TMAAH and the other recently tested alumi-
num-containing reagent, DMAH, will be the subject of
much future investigation.

There has been very little laser-assisted deposition
research using precursors outside of the reactant groups
already discussed here. Some alternate volatile pre-
cursors have been employed to help deposit noble
metals in lieu of the AcAc’s. Specifically, these have
been used to deposit copper and platinum films: Cu
from (triethylphosphine)(cyclopentadienyl)copper(I)!%
and Pt from Pt(PF3),1% and CpPt(CH,;);.1¢7 Pt was
photodeposited from this last precursor using 308 nm
from a XeCl laser and the 351- and 364-nm UV lines
from an argon ion laser. Shiny deposits were produced
that are >96.5% Pt and <3.5% C when H, was present
during photolysis, and black deposits were formed with
about 20% C when no H; was present. Apparently, this
study was partly motivated by work on non-laser CVD
of Pt films using CpPt(CHj),.168.169

Photodecomposition of Ni and Fe films has also been
demonstrated using nickelocene and ferrocene vapor as
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an alternative to deposition by their carbonyls.!”® By
tuning the laser wavelength, variable-stoichiometry
Fe/Ni alloys have been formed using ferrocene/nick-
elocene mixtures.!”

Metal Silicide Deposition

Relatively little research has been devoted to laser-
assisted deposition of metal silicides. The processes
used in this deposition sometimes parallel the photo-
chemistry of metal deposition. For example, in the
silicon substrate reduction of WF (reactions 9a,b) to
form tungsten lines, there is evidence from Raman
microprobe spectroscopy that the center of the line is
tungsten silicide.!172173

Large-area titanium silicide films have been formed
by irradiating TiCl,/SiH, reagent mixtures with either
a CW CO, laser'™!" or pulsed ArF laser!717 directed
parallel to the substrate. In the CO,-laser-driven re-
action, the 10P(20) line at 944 cm™ is absorbed by si-
lane, which is pressure broadened by the addition of an
argon buffer, leading to gas-phase thermal reactions. In
the ArF-laser-driven reaction, the TiCl, strongly absorbs
the 193-nm light and photolyzes, while SiH, absorption
and photodissociation occur at a much slower rate. The
TiCl, photodissociation products probably react directly
with undissociated SiH,.

B. Semiconductors
Group 1V Elements

Silicon Deposition. The deposition of silicon films
is essential to the fabrication of many types of inte-
grated circuits and to related electronics applications
such as the production of solar cells. Consequently,
there have been numerous investigations of the de-
position of Si thin films by CVD, plasma CVD, Hg-
sensitized photo-CVD, deep UV lamp assisted depos-
ition, and, more recently, laser-assisted CVD, making
it, perhaps, the most studied thin-film deposmon pro-
cess in microelectronics research. Despite these ex-
tensive investigations, the details of the kinetics of most
of these silicon thin-film depositions remain poorly
understood. In particular, the mechanism of conven-
tional Si CVD has been the subject of much debate in
recent years.

Silicon films have been deposited with lasers by laser
heating of surfaces in the presence of gas-phase pre-
cursors and by gas-phase photolytic and pyrolytic de-
composition of these precursors. Crystalline, poly-
crystalline, and amorphous films, undoped and doped,
have been grown by using these methods. Most earlier
studies used SiH, as the silicon precursor. For reasons
cited below, Si;Hg has also been used in many recent
studies.

Direct laser writing of micron-dimension structures
of polycrystalline and crystalline silicon by localized
laser chemical vapor deposition of silane has been in-
vestigated by several groups. 2413177718 Tn most of these
experiments, a visible line of the argon ion laser (such
as 514.5 nm) is transmitted through the nonabsorbing
silane gas and is focused onto an absorbing substrate.

To understand local laser CVD of silicon, the dy-
namics and kinetics of conventional CVD must be ex-
amined. The kinetics of Si CVD, using silane in static
and flow reactors, has been the subject of controversy
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for many years,'%1%2 with the relative importance of
heterogeneous and homogeneous chemistry still not
totally resolved. A large range of effective activation
energies E, for deposition, ~15-60 kcal/mol, have
been measured,'*'%2 depending on the specific exper-
imental condltlons Recent careful experiments have
made several essential features of Si CVD clear, which
are also vital in understanding laser CVD.

At very low SiH, partial pressures (<1 Torr), surface
dissociation of silane molecules is clearly responsible for
deposition by

This reaction has E,; ~ 17 kcal/mol;'® there may be
a short-lived intermediate species, SiH,.!%

In a CVD reactor, this heterogeneous reaction always
occurs and is most important at relatively low silane
partial pressures and for fast flow rates (short reactor
residence times). Surface reactivity is saturated at
higher SiH, pressures, with hydrogen desorption prob-
ably being the rate-limiting step, leading to an effective
overall E,, ~37.5 keal/mol.191:192

At higher silane pressures and for slower flows (longer
residence times), homogeneous decomposition can be-
come faster than surface decomposition of silane. The
primary step is

SiH, — SiH,(X'A,) + H, (13)

which has E,; ~ 52 kcal/mol;!®? the precise value of
this activation energy is still much in doubt. This is
followed by complex chemistry involving the production
of higher order silanes, such as by

SiH, + SiH, + M — Si;H,; + M (14)

(where M is any third body), the decomposition of these
silanes, and the diffusion of these silanes and silylene
to the heated surface, which is followed by further de-
composition to form Si. In a 2-cm-radius cylindrical
reactor, the homogeneous decomposition rate of SiH,
exceeds the heterogeneous rate for silane partial pres-
sures above 100 Torr at 600 K, and for pressures above
3 Torr at 800 K.19tb

Given the questions remaining in large-area, con-
ventional CVD of Si using silane, the exact processes
occurring in local, surface-heated laser CVD of silicon
are not expected to be clear. In two of these studies of
laser direct writing silicon, activation energies (E,.)
were determined from the observed deposition rates
and by the measured or estimated laser-produced tem-
peratures, giving about 44!™ and 38 kcal/mol.!® In one
of these cited studies (ref 179), the measured E, , was
cited as being within the range of activation energies
that were thought at the time to represent both het-
erogeneous and homogeneous deposition. However,
current understanding of Si CVD suggests that heter-
ogeneous CVD is probably dominant in most regimes
studied in laser CVD, with hydrogen desorption from
the surface or the transport of silane molecules to the
surface being the rate-limiting step.

Further evidence that this laser CVD is surface
dominated comes from heat conduction calculations,!®
which show that gas-phase reactants near the laser-
heated area on the surface are not expected to get very
hot. Moreover, silane molecules that gain energy after
colliding with the heated surface are much more likely
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to relax collisionally outside the local reaction volume
at low reactant pressures than to collide with each other
within this volume to promote homogeneous decom-
position. Furthermore, because of the small micro-
reaction volume in local laser CVD, any higher order
silane formed near the site of deposition will rapidly be
diluted by three-dimensional gas transport and will also
rapidly be displaced from the new site of laser heating
and deposition when the scanning is suitably fast.
Consequently, local CVD occurs in an experimental
regime equivalent to the short residence time/fast flow
regime in conventional CVD, where surface deposition
dominates. It should be noted that for slow scan rates
and high reactant pressure, explosive-type reactions
leading to unlocalized deposits can occur during het-
erogeneous localized laser CVD of silicon and other
materials.!®” This nonlocal deposition may be triggered
by homogeneous reactions that may occur in specific
experimental regimes.

There is also some evidence that silicon deposition
promoted by visible laser heating of a substrate may not
always be a purely thermal reaction.!®”1¥ For example,
when deposition occurs on a silicon substrate, the laser
both heats the surface and creates electron—hole pairs.
These free carriers may modify the reaction, nucleation
conditions, or hydrogen desorption from the sur-
face.!87-189 More work is needed to substantiate this
possibility.

Large-area silicon films have been deposited by laser
CVD of silane using pulsed and CW CO, lasers imp-
inging on an absorbing substrate!®1% and CW CO,
lasers propagating parallel to the surface.!%203 In the
latter case, and sometimes in the former, the laser di-
rectly heats the silane. These processes are analogous
to heterogeneous and homogeneous CVD, respectively.
For instance, homogeneous CVD will occur by disso-
ciation of the ground electronic state of silane, as in eq
13, after the net excitation of silane molecules by about
23 CO, laser photons. This can occur either by colli-
sional multiple-photon absorption and dissociation2!
or by excitation by collisional transfer from absorbing
molecules.!92

In one study of the deposition of large-area Si films
by CW CO, laser heating of gas-phase silane, the
steady-state gas temperature was estimated by bal-
ancing energy input and heat flow.?! An effective E,,
= 46 % 5 kcal/mol was obtained from the silicon de-
position rate and the gas temperature that was deter-
mined. This value is consistent with the activation
energy obtained in conventional gas-phase pyrolysis of
silane, ~52 kcal/mol (reaction 13),1%2 given the uncer-
tainties in both measurements.

Similarly, ArF excimer lasers (193 nm) have been
used to deposit silicon in both perpendicular?4-206 and
parallel®® geometries, and F, excimer lasers (157 nm)
have also been used to deposit amorphous silicon from
silane.?7 With parallel illumination (193 nm), the de-
posits are amorphous unless the surface is heated.

Silane has a very small linear absorption cross section
at 193 nm, reported to be 1.2 X 1072 ¢m?2,2%8 g0 the
photolytic deposition rate using ArF lasers is very slow.
Recent work suggests that even this small cited linear
cross section may be an overestimate and that the
measured absorption at 193 nm is likely due to two-
photon absorption with cross section roughly 6 X 1074

Chemical Reviews, 1989, Vol. 89, No. 6 1337

cm? 5.2 Consequently, these cited studies of 193-nm
deposition of Si actually involve two-photon absorption
by SiH,;. One-photon absorption becomes important
in SiH, for A $ 155 nm. At 157 nm (F, excimer laser)
the single-photon cross section of silane is relatively
large, about 2 X 10718 ¢cm?2210

After the absorption of one photon with wavelength
<155 nm or of two or more photons of longer wave-
length, there are several routes of SiH bond rupture,
leading to Si, SiH, SiH,, or SiH; in different electronic
states.?’’ Nine primary dissociation channels are
available thermodynamically, though not necessarily
kinetically, after the absorption of one F, laser photon
(157 nm, 182 kcal/mol). Two reactions seem to be

important in the 147-nm photolysis of silane:2!2

SiH, + hv — SiH,(*A;) + 2H (15a)
— SiHz(?A;)) + H (15b)

with respective quantum yields of 0.83 and 0.17 at this
wavelength. AH®,q4 for these two reactions are ~159
and ~90 kcal/mol, respectively,?!! making both routes
energetically available at 157 nm as well. Though the
latter pathway is energetically open after the absorption
of a single ArF laser photon at 193 nm (148 kcal/mol),
there is no one-photon absorption at this wavelength.
Many dissociation channels to neutral and ionized
species are accessible after the absorption of two 193-nm
photons.?!!

Doped polysilicon has also been formed in several of
these cited cases of laser pyrolytic and photolytic de-
position by adding to the silane reactant a hydride that
contains a dopant atom, such as BoHg to get boron
atoms for p-type doping and PHj, to get phosphorus
atoms for n-type doping.24136178.184,185,196,200,202,204.205 Tpy
several of these pyrolytic studies, the addition of di-
borane to the silane gas mixture was shown to enhance
the silicon deposition rate, while the addition of phos-
phine was found to decrease the rate. These trends are
consistent with those observed in conventional
CVD.213214

Alternative silicon sources have also been used in the
laser-assisted deposition of silicon films. The silicon
deposition rate using silane has been shown to be ac-
celerated by adding a higher order silane, such as di-
silane, to the reactant mixture or instead (and prefer-
ably) by using a higher order silane alone, such as di-
silane or trisilane.23206.20%.215-222 Thege higher order si-
lanes have two potential advantages over silane. They
decompose at much lower temperatures than does si-
lane,?®® which is important in pyrolytic deposition,23218
and one-photon absorption begins at much longer
wavelengths for these higher order silanes than for SiH,,
which is important in photolytic deposition. For ex-
ample, Si;Hg absorbs strongly for A < 220 nm,2!! while
silane absorbs strongly only for shorter wavelengths.
Notably, the linear absorption coefficients at 193 nm
for these higher order silanes are much larger than that
of silane, which is favorable for photolytic deposition
using ArF lasers. 2721521721920 Ror Si,H, and Si;Hg the
reported absorption cross sections are about 2 X 10718
and 3 X 10717 cm?, respectively, at 193 nm.21° The ab-
sorption coefficients for disilane and trisilane are also
significantly larger at 157 nm (F; excimer laser), 5 X
10717 and 9 X 10717 cm?, respectively, than for silane (2
X 10718 ¢cm?).
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The primary dissociation pathways in photodissoci-
ation of disilane are uncertain at present. Under low-
intensity 193-nm irradiation, disilane absorbs one
photon, probably exciting the 4s < 2a,; Rydberg tran-
sition.”!® Twenty dissociation pathways are energeti-
cally allowed after the absorption of one 193-nm photon,
while 38 routes are allowed after the absorption of two
photons.?11:22¢ Earlier work has concluded that three
primary steps are important in the 147-nm photolysis
of disilane:2%5

Si;Hg + hv — SiH, + SiH; + H  (16a)
— SiH,SiH + 2H (16b)
— Si,H, + H (16¢)

with respective quantum yields of 0.61, 0.18, and 0.21
at this wavelength. AH?° 4 for these three reactions are
149.5, 165.5, and 88 kcal/mol, respectively®'! (or 142,
155, and 78 kcal/mol, respectively).?” Therefore, only
the third reaction is energetically accessible after the
absorption of one 193-nm photon, while each route is
open at 157 nm. Because the electronic energy surfaces
reached after 193- and 147-nm absorption are different,
these results are probably of little value toward un-
derstanding 193-nm photolysis of disilane.

It has been suggested that the first step in 193-nm
photolysis of disilane 15?2

analogous to the ultraviolet photolysis of ethane. Re-
cent studies of disilane photolysis at 193 nm??* using
time-resolved spectroscopic probes of products and
reactants immediately after photolysis suggest that the
absorption transition in disilane is not totally dissoci-
ative, having a quantum yield of 0.7 for the loss of Si;He,
while the quantum yield for SiH, production is only 0.1.
Since the diode laser absorption studies??* showed that
<20% of the primary products are silylenes and silyl-
idynes, most of the silicon-bearing products are prob-
ably stable silicon monoradicals and/or unsaturated
silicon hydride species. The primary dissociation
pathways of disilane at 193 nm are still very uncertain.

In contrast, the first step in pyrolytic growth of silicon
using disilane is thought to be

Si2H6 - SiH4 + SiH2 (173)

which has the lowest activation energy of all disilane
decomposition routes, E, > AH® g4 = 57.8 kcal /mol.!!
The activation energy for the next available channel

Si,H, — H,SiSiH + H, (17b)

is E, = AHCyg = 61.3 kcal/mol.2!! If the intermediate
H,SiSiH converts into H,SiSiH, rapidly (barrier ~3
kcal/mol), then the lowest energy products of disilane
dissociation

Si2H6 - HzSiSiHQ + H2 (17C)

(AH® 493 = 38.0 kcal/mol)?!! are formed with E ., ~ 64
kcal/mol.

In both laser-assisted photolytic and pyrolytic de-
position of silicon thin films, a series of reactions take
place after these nascent steps, which eventually leads
to the production of higher order silicon hydrides (Si-
H,), that decompose further on the heated substrate.
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Study of the growth of amorphous silicon films onto a
heated substrate by 193-nm photolysis of Si;Hg has
shown that the deposition rate depends on Tyypgraie VETY
weakly, with an effective activation energy of ~2
keal/mol,?® which is much smaller than E,, for thermal
CVD growth with no laser present, 37.5 kcal/mol.!%1%2

Multilayer superlattice structures of amorphous sil-
icon with amorphous Ge or silicon nitride have been
grown by alternating disilane reactant with the reac-
tants for the other film (GeH, or SiH,/NH; mixtures,
respectively) during laser deposition.??! Monolayer
control of silicon film thickness was demonstrated in
this study and in ref 222, which also showed that lay-
er-by-layer epitaxial growth occurs during the initial
stages of 193-nm photolysis of disilane on sapphire.

In analogy with common practice in conventional
CVD, silicon chlorides have also been used as the gas-
phase precursor in laser-assisted silicon deposition:
SiHCl,,2% SiH,Cl,, %" and SiCl,.2%8

Germanium Deposition. Because of its lesser role in
microelectronics, there has been less research on la-
ser-assisted deposition of germanium than on the de-
position of silicon. Germanium microstructures have
been deposited from GeH, by pyrolytic laser writing
using an argon ion laser (514.5 nm) focused on ab-
sorbing substrates.?”® Conventional thermal decompo-
sition of germane has been found to produce Ge films
for temperatures above ~280 °C.20 Activation energies
for heterogeneous and homogeneous growth are thought
to be ~17 and 28 kcal/mol, respectively.®®

Photodeposition of large-area Ge films has been
studied by 248-231.232 gnd 193-nm photolysis of
GeH,.221%81a,233-236 The earlier studies were conducted
with the laser incident on the substrate, while the later
experiments were conducted with the laser collimated
to a line propagating above and parallel to the substrate
surface. The details of the kinetics of this photodepo-
sition process are highly uncertain, with even the initial
photolysis step in question. In both 193- and 248-nm
laser-assisted deposition, digermane is thought to form
and to play a major role.23*

Optical measurements suggest and energetics require
that each GeH, molecule absorb (at least) two 248-nm
photons in Ge deposition at this wavelength.?05232 The
absorption cross section of germane at 248 nm is 6 X
1072 ¢m%.2®2 It has been hypothesized that GeH, is
formed initially by two-photon dissociation,?®? but this
is still very uncertain. In the 248-nm laser-assisted
deposition,?!b the deposition rate is only very weakly
dependent on substrate temperature with E,, ~ 2
kcal/mol, as in the laser-assisted deposition of amorp-
hous silicon from disilane,?20:22!

An insertion reaction analogous to that expected in
silane pyrolysis (reaction 14) may then occur after initial
photolysis:

GeH; + GeH; + M — Ge,Hg + M (18)
where M is any third body. Optical detection of Ge and
GeH during 248-nm photolysis of germane?3? suggests

that there may be free H atoms, which can then pro-
mote the fast hydrogen abstraction reaction:

H+ GeH4 - GeH3 + H2 (19)

Digermane can then also form by germyl radical re-
combination:
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GeH3 + GeH3 +M-— G82H6 +M (20)

Because the activation energy measured in this exper-
iment is so small, 2 kcal/mol, digermane cannot be the
final product decomposed on the surface in 248-nm
laser-assisted deposition; further chemistry must occur
in the gas phase after the production of digermane.

The absorption cross section of GeH, at 193 nm is
much larger, 3 X 10720 cm? 2% than at 248 nm. Also in
contrast to 248-nm photolysis, the substrate tempera-
ture is an important parameter in the photolytic de-
position of Ge films at 193 nm. For Ty pemate > 280 °C,
growth can occur without the laser and has an effective
activation energy of about 21 kcal/mol,?®? in rough
agreement with the non-laser thermal studies.?3
Without the laser present, growth does not occur for T
< 280 °C on quartz. However, at these lower temper-
atures (150-280 °C) the laser can initiate growth, which
will continue without the laser present, at a rate char-
acterized by the same 21 kcal/mol effective E,; found
for higher T.233 Alternately, at these lower substrate
temperatures growth can occur even faster with sus-
tained laser irradiation. In this case, the effective E,;
is only about 10 kcal/mol.2® In the laser-initiated or
triggered growth, it has been argued that Ge,H; is
formed by the laser, which then decomposes at even low
temperatures on quartz. With the laser off, deposition
then continues by conventional GeH, pyrolysis on the
deposited Ge film, which can occur for T < 280 °C on
Ge but not on quartz. In laser-sustained growth, di-
germane is continuously formed by the laser, leading
to a smaller effective E,, for deposition than for CVD
using germane. In fact, the role of the ArF laser in this
example of Ge photodeposition may be only to convert
GeH4 to Ge2H6.236

In 193-nm photolysis of germane, the first step is
thought to be the absorption of a single photon to give
GeHg;?3 again even this first step is uncertain. Germyl
radicals may then recombine as in reaction 20 to form
digermane.

The deposition of Ge from 193-nm photolysis of GeH,
is greatly accelerated with the addition of NH3.®® Since
no N is measured (<1%) in these deposited Ge films,
the NH; acts solely as a sensitizer. It has been hy-
pothesized that H atoms from NH; photolysis abstract
a H from germane, as in reaction 19, to produce GeHs.
The germyl radicals recombine to produce digermane,
as in reaction 20, and the digermane then decomposes
on the surface.

Recent work using digermane as a precursor in 193-
nm photolysis, instead of germane, has produced
crystalline films for 380 < Typetrate < 600 °C and
amorphous films at lower temperatures.?® However,
. above about 330 °C the reaction is primarily a thermal
reaction induced by conventional substrate heating. At
lower temperatures, the rate is controlled by gas-phase
photolysis. The properties of the laser-deposited thin
film are sensitive to the deposition rate and to the
surface temperature, as is exemplified by the refractive
index, showing that the reaction is still partly surface
controlled in this regime.

Large-area germanium films have also been pyrolyt-
ically deposited by CW CO, laser heating of several
germanium precursors: germane (10P(30) line),
ethylgermane (10R(26)), diethylgermane (9R(14)), and
triethylgermane (9R(14)).2% Ge/Cd and Ge/Al films
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were also deposited by CO, laser pyrolysis of GeH,/
DMCd and GeH,/TMAI mixtures.?¥

Ge-Si Alloy Deposition. Germanium-silicon alloy
microstructures have been deposited by localized laser
heating of substrates in the presence of germane/silane
mixtures.?”® The laser-assisted decomposition proba-
bility of GeH, to form Ge was found to be about 6 times
larger than that of SiH, to form Si in the deposited film;
this is not unexpected because germane is thermally less
stable than silane.

Large-area Ge—Si alloy thin films have been deposited
photolytically by the 193-nm photolysis of GeH,/Si,Hg
mixtures.2¥ Even though the absorption cross section
at 193 nm is roughly 70 times larger for disilane (2 X
10718 cm?)210 than for germane (3 X 102 ¢cm?),%7 the
Si/Ge elemental ratio in the films was only 3 times the
ratio of the Si;Hy and GeH, partial pressures (or 1.5
times the Si/Ge atomic ratio in the reactants). This
suggests that disilane photolysis may initiate complex
cross chemistry in the gas phase to produce
Si,Ge,,Hon+om species that then migrate to the surface
and decompose on it. If SiH, is formed in the 193-nm
photolysis of disilane, then in analogy with the silyl-
ene/silane insertion reaction (reaction 14)

SiH, + GeH, + M — SiGeHs + M (21)

can occur as part of this cross chemistry. Furthermore,
H atoms formed in disilane photolysis can react with
germane, as in reaction 19, to form germyl radicals as
part of the cross chemistry.

Ge/Si superlattices with alternating very thin layers
of amorphous Ge and Si (“ordered” Ge-Si alloys) have
also been grown by 193-nm photolysis, with alternately
germane and then disilane in the reaction chamber.??!

Carbon Deposition. Carbon microstructures have
been deposited by focused argon ion laser heating of
absorbing substrates, with C,H,, CH,, and, most pref-
erably, C;H, as reactants.24"243 With the acetylene
reactant, the apparent E, for the deposition of pyro-
lytic carbon is about 51 kcal/mol,#2 which is consistent
with that measured in the conventional thermal de-
composition. At high laser power, high reactant pres-
sure, and slow lateral scanning of the substrate, carbon
deposits are also observed in the attempted etching of
GaAs by laser heating of the substrate in the presence
of CCl.2** Large-area carbon deposits have been
formed by using pulsed CO, laser multiple-photon
dissociation of several compounds, such as C,;H,, C,-
H5C1, and 03H4.245

Also, amorphous carbon films have been deposited
by 193-nm photolysis of either C;H3Cl or CC1,.26 Initial
reports?¥” suggested that diamond-like films were
formed by ArF laser photolysis of acetylene diluted in
hydrogen, probably by a multiple-photon process;
however, more recent analysis?*® has shown that heat-
treated carbon black, a graphitic structure, was actually
produced by laser deposition.

Silicon Carbide Deposition. Localized silicon carbide
features have been formed by CO, laser heating of a
hot-pressed SiC substrate in the presence of a SiH,/
CH, mixture.?® Epitaxial SiC films have been grown
on sapphire and a-Al,03(0001) substrates (1150 °C) by
193-nm photolysis of Si;Hg/C;H, mixtures.?® Purely
epitaxial growth occurred only when the laser was in-
cident on the substrate; in the parallel irradiation ge-
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ometry, the films were polycrystalline. Both reactants
absorb at this wavelength.

I1I-V Semiconductors

Films of most III-V semiconductors have been
formed by using mixtures of the methyl or ethyl alkyls
or the hydrides of the group IIT and V elements. Purely
thermal growth of these compound semiconductors with
the metalloorganic reagents by CVD is known as
MOCVD at relatively high pressures {(on the order of
1 Torr and higher) where both homogeneous and het-
erogeneous chemistry can be important. At lower
pressures (on the order of 107® Torr and lower) where
heterogeneous chemistry dominates, it is known as
MOMBE (metalloorganic molecular beam epitaxy) or
CBE (chemical beam epitaxy). The final goal in many
of these studies of laser-assisted deposition is low-tem-
perature growth of epitaxial thin films.

Deposition of GaAs and Related Ternary Com-
pounds. The kinetics of conventional MOCVD of thin
films of GaAs and related compounds is under intensive
study.®!2 It is very complex and poorly understood. In
GaAs deposition from TMGa and AsHj, the arsine is
thought to decompose heterogeneously by adsorption
and loss of H to the surface. Though TMGa can de-
compose homogeneously by DMGa~CH; bond scission,
one recent model suggests that TMGa decomposition
on the surface is probably more important in deter-
mining the growth rate under common growth condi-
tions, though these gas-phase processes may contribute
to the observed carbon contamination in the GaAs
films.?!'a Use of alternate reactants for GaAs and other
ITI-V semiconductor MOCVD is under active investi-
gation. Use of the ethyl compounds TEGa and TEAI
instead of methyl compounds for Al Ga; ,As growth
produces less carbon contamination in the films because
of the possibility of §- hydnde elimination (as with
TEGa — DEGaH + C,H,) in addition to bond scission
(producing CoHp). 251b-d The use of arsenic precursors
other than arsine, such as TMAs, TEAs, and tert-bu-
tylarsine ( §ASC4H9 (TBAs)), is under study for safety
reasons.?!¢¢ There is some evidence that after 3-hy-
dride elimination, TBAs converts to arsine in the de-
position reactor.

Laser pyrolytic deposition of GaAs has been demon-
strated by focused argon ion laser heating of Si or GaAs
substrates using Ga(CHj); [TMGa] or Ga(C,Hj);
[TEGa] as the source of Ga and AsHj; as the As
source. %2280 Tn one case p-type-doped GaAs was grown
by adding DMZn or DEZn to the reaction mixture to
provide the Zn dopant.?®® Similarly, GaP has been
deposited locally by pyrolysis of TMGa/tert-butyl-
phosphine mixtures.?! Ternary III-V semiconductors
have also been grown by adding a third reactant to the
GaAs reactant mixture: PHj for GaAsP,%4%% In(C,Hj),
for InGaAs,?® or TMALI for AlGaAs.?® In most of these
cited studies, the III-V semiconductor film was de-
posited epitaxially on the substrate.

To date, these laser-assisted processes have not been
modeled. Heterogeneous processes are expected to
dominate the kinetics of these surface-heated depos-
itions.

Stepwise monolayer growth of alternately Ga and As
has been achieved in laser-assisted atomic layer epitaxy
(ALE) of GaAs within a reasonably wide range of op-
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erating conditions.?®6-2%¢  Alternating gas pulses of
TMGa or TEGa, and then AsHj, enter the reactor in
this process. In one series of studies performed in a
low-pressure reactor,26%7 ALE was observed only when
the laser was chopped, impinging the surface only
during the TMGa (or TEGa) cycle. Apparently, during
the laser cycle Ga(CHjy), reacts selectively with the
exposed As surface sites to form one Ga monolayer,
which reacts rapidly with AsH; during the next part of
the cycle. In contrast to the low-pressure studies, in an
atmospheric reactor,® ALE was observed with the laser
on during either the Ga or As cycle; this has not been
fully explained. Because growth in each cycle is limited
to one monolayer, even with a large variation of ex-
perimental parameters, such as temperature (T pstrate
+ AT} and reactant flux, flat-topped structures can
be grown even when the temperature rise caused by
laser heating is not uniform across the substrate. It has
been suggested that laser-assisted ALE of GaAs is not
a purely thermal effect. In one study,?” ALE was ob-
served with 355- or 514.5-nm photons from an argon ion
laser, but not with 1.06-um photons from a Nd®*:YAG
laser or with conventional heating. The mechanistic
origin of this observation is still under investigation.

Large-area GaAs polycrystalline and epitaxial crys-
talline thin films have been grown by using 193-nm
radiation from an ArF laser directed parallel to or
normal to the substrate; in the latter arrangement
growth proceeds photolytically at low intensities, as in
the former geometry. The gas-phase sources of Ga have
been TMGa, TEGa, or triisobutylgallium (TIBGa),
while arsine or trimethylarsenic (TMAs) has usually
been the source of As;?62271 CQ, lasers have also been
used to promote deposition.?”? In ArF laser assisted
deposition, the addition of TMAI to the TMGa and
AsHj; reactants has produced AlGaAs.26® GaAs, AlAs,
and AlGaAs thin films have also been photodeposited
by 193- and 248-nm irradiation of gas-phase TMGa-
TMAs and TMAI-TMAs Lewis acid—base adducts.?’
Photolysis in the parallel geometry produced films with
the same composition of group III and V elements as
the adducts. Perpendicular irradiation of the substrate
did not yield stoichiometric films, probably because of
desorption.

Gas-phase photolysis of TMGa/TMAs mixtures at
193 nm to form Ga and As atoms can occur by the
following hypothesized steps:

Ga(CHj); + hv — Ga(CHy)o* + CH;  (22a)
Ga(CHj;),* — GaCH; + CH; (22b)

Ga(CH,),* + hy — GaCHy* + CH;  (22¢)

GaCH; (and /or GaCHg*) + hv — Ga + CH; (22d)
GaCH3* — Ga + CH,4 (22¢)

CH; + h—CH,+ H (23)

with analogous reactions for As(CHj)s, where the as-
terisk denotes internal excitation.

The energies needed to break the first, second, and
third Ga—CH; bonds in TMGa are ~81, ~35, and ~76
kcal/mol, respectively, while the first bond energy in
TMAs is ~67 kcal/mol and the average As—CH3 bond
energy is ~58 keal/mol.#* Therefore, a minimum of
two 193-nm photons is required to strip the three
methyl radicals from both TMGa and TMAs. Since one
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193-nm photon has enough energy to break the first two
Ga-CHj; bonds in TMGa, with ~52 kcal/mol excess
energy, it is quite likely that reactions 22a,b occur
rapidly sequentially, followed quickly by the absorption
of a second photon in reaction 22d.%” Since the second
bond energy in TMAs is probably the weakest of the
three (in analogy with other trimethylmetals), the en-
ergetics suggest that this sequence is probably also true
for TMAs. Electronically excited Ga is formed during
deposition, presumably due to reaction 22d, which
fluoresces with an intensity varying quadratically with
laser intensity.?8’ In the absence of saturation, this
implies a two-photon process with rapid thermal dis-
sociation of DMGa by reaction 22b, and not a three-
photon process, which would include photolysis of
DMGa in reaction 22¢. No statistical analysis of CHj
group removal from DMGa or DMAs has been per-
formed, as has been done for the 193-nm photolysis of
Fe(CO);,1% to assess the importance of reaction 22b.
Note that ref 71 reports that GaCH; and Ga(CH,), were
detected by laser ionization mass spectrometry after
248- and 193-nm photolysis of TMGa. Since DMGa
was produced in low abundance at 193 nm and higher
abundance at 248 nm, while relatively more GaCH; was
seen at 193 nm than at 248 nm, DMGa was hypothes-
ized to be an intermediate transient fragment.”d Also,
ref 274 reported that GaCHj is formed when TMGa is
photolyzed at 222 nm (KrCl laser) at low fluence,
possibly by reactions 22a and 22b. Both 193- and
222-nm photons have enough energy to break the first
two Ga—CHj, bonds, but not the third. Ionic fragmen-
tation can occur at higher fluence (222 nm).

The absorption cross sections at 193 nm are 1.7 X
1077 and 3.9 X 107'7 ¢m? for the TMGa and TMAs
photodissociation step, respectively (eq 22a). The
model used in ref 267 suggests that GaCH, and AsCHj,
have comparable absorption cross sections, ~4 X 1077
cm?, while the upper limit of the measured methyl
photolysis cross section at 193 nm is an order of mag-
nitude smaller, <3 X 10718 cm?,

Recently, laser-assisted MOMBE of GaAs and Al-
GaAs has been investigated by using 193-nm ArF laser
radiation within an otherwise conventional MOMBE
chamber.?’> For GaAs epitaxial deposition, the reac-
tants were TEGa and As,. On GaAs substrates the
growth rate was spatially selectively enhanced over
normal rates for MOMBE growth only when the sub-
strate temperature was below ~450 °C. The laser ap-
parently pyrolyzed surface-adsorbed TEGa. In fact, the
laser was found to depress the growth of GaAs on
(Ca,Sr)F,, probably because Ga atoms, which are weakly
bound on this surface, desorb when the surface is heated
by the laser.

In related studies, the levels and nature of surface-
bound carbon were measured by XPS for either TMGa
or TEGa adsorbed on GaAs(100) prepared in UHV.
Without laser irradiation, these adsorbates were found
to be dissociatively chemisorbed. After laser irradiation
at 193 nm, the carbon levels were remeasured to de-
termine the laser-assisted rate of carbon removal from
the surface.2’8 At low laser fluence, the removal rate
is slow and increases faster than linearly with fluence,
suggesting a two-photon photodissociation mechanism.
At higher fluences, the carbon removal rate increases
even more rapidly with fluence and is independent of
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wavelength (i.e., it was the same at 193 and 351 nm for
~200 mJ/cm? fluence), suggesting pyrolytic decompo-
sition of the chemisorbed species, as was hypothesized
in the laser MOMBE investigations.?”> Photodecom-
position of chemisorbed TMGa and TEGa is similar,
except TMGa decomposes about 20 times slower.

Laser-assisted MOMBE has also been investigated
for AlAs and Al growth using TIBA as the aluminum
source and As, as the arsenic source, with an ArF laser
(193 nm) incident on the substrate.?”” At 850 °C sub-
strate temperature, Al deposition was observed only at
the site of laser irradiation, and the growth of stoi-
chiometric AlAs was about 20 times faster with laser
irradiation.

The influence of excimer laser radiation on epitaxial
growth of GaAs using a heated Ga metal reservoir as
the source of Ga atoms along with AsCl; and H, was
examined with 222 (KrCl laser), 248 (KrF), 308 (XeCl),
and 351 nm (XeF) radiation.?”® It was found that
248-nm radiation incident on the substrate accelerated
the growth rate, while the other laser lines had no effect.
When the Ga atom source was instead irradiated with
one of the lasers, 248-nm radiation decreased the growth
rate markedly; the only other laser to have any effect
on the growth rate was the 222-nm line, which slightly
decreased the growth rate. It was thought that the rate
enhancement with substrate irradiation may be due to
excitation of GaCl or GaCl,, while the rate decrease with
Ga source irradiation may be due to photoinduced re-
duction of AsCl; by H,. These hypotheses have not
been proven.

InP and InSb Deposition. Much less work has been
done on laser deposition of In-based III-V semicon-
ductor thin films. InP films have been grown by 193-
nm photolysis of P(CHjy); [TMP] or PH; with the
gaseous adduct (CHj)sInP(CHy);, which decomposes to
In(CHy)3 [TMIn] and P(CH,); at the temperatures used
in these studies.®®?7®281 In the presence of small
amounts of water vapor and oxygen indium oxide films
are grown with stoichiometries close to Iny,05.27

The energy of the first P-CHg bond in TMP is ~72
kcal/mol, while the average bond energy is ~69
kcal/mol.% At least two 193-nm photons must be ab-
sorbed by TMP to produce P + 3CH;. Since one 193-
nm photon has enough energy to break two P-CH,
bonds in P(CHg), (if the second P-CHj bond is rela-
tively weak, as is expected), photolysis of this reactant
may follow that of TMGa in reactions 22, with PCH,
formed after the absorption of the first photon and free
P atoms, probably electronically excited, produced after
the absorption of the second photon.

The first, second, and third In-CHj; bond energies in
TMIn are ~49, ~29, and ~39 kcal/mol, respectively.®
Because one 193-nm photon can break all three In-CHj,
bonds in In(CHg);, In atoms may be produced after the
absorption of only a single photon, perhaps by’

In(CH3)3 + hy — In(CHa)Z* + CH3 (243)

In(CHg)Z* - InCH3* + CH3 (24b)
InCH* — In + CH, (24¢)
InCH3* +hyv—In+ CH3 (24d)

This hypothesized mechanism includes the possibility
of photolyzing InCHz*. If one-photon dissociation of
TMIn were dominant, the production rates of In and
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P atoms would have different fluence dependences, and
the stoichiometry of laser-deposited InP films would be
expected to depend on fluence; this has been con-
firmed.!

InSb deposition has been studied by 193- and 248-nm
irradiation of a GaAs substrate in the presence of TMIn
and TMSb (trimethylantimony) reactants.?®2 These two
reagents have roughly the same absorption cross sec-
tions at each of these two wavelengths, ~10717 cm? at
193 and ~107'8 cm? at 248 nm. In the reported pre-
liminary study, the photolytically grown films were
stoichiometric InSb and were polycrystalline. With
193-nm photolysis, only one photon is energetically
needed to dissociate TMIn to In + 3CH;. The first
bond energy of TMSb is ~61 kcal/mol and the average
bond energy is ~54 kcal/mol, so two photons must be
absorbed to form Sb atoms,% probably as in TMGa
photolysis (reactions 22). One 248-nm photon has ap-
proximately the same energy as the sum of the three
In-CHj bond energies, within experimental uncertainty.
Therefore, two 248-nm photons are probably needed to
photolyze TMIn to form In atoms, as is likely also true
for TMSb photolysis to form Sh.

II-VI Compound Semiconductors

Recent work in epitaxial photochemical deposition
of II-VI semiconductors has been reviewed recently,
covering laser- and lamp-assisted and Hg-sensitized
deposition.?®® The key issue in the deposition of
small-band-gap IT-VI semiconductors, such as HgCdTe
and HgTe, is maintaining sharp interfaces. This is
accomplished by operating at low substrate tempera-
tures to prevent atomic diffusion. By using a laser or
some other light source to dissociate one of the reac-
tants, deposition can be conducted at a lower substrate
temperature than by thermal CVD. Only the recent
work in laser-assisted deposition is discussed here; de-
position studies employing ultraviolet lamps are men-
tioned in the citations of the laser studies. In the laser
studies of thin-film growth, the excimer laser is parallel
to the surface, photolyzing only gas-phase reactants.

Epitaxial HgCdTe films have been grown on CdTe
substrates by ArF laser (193 nm) photolysis of
DMHg/DMCd/DMTe mixtures, with the laser directed
parallel to the heated substrate (150 °C), as stated
above.? In this work, the decomposition of each of the
reactants (M = Hg, Cd, or Te) was reported to be by

M(CH3)2 + hy (193 nm) - MCH3* + CH3 (25&)
MCH,* — M + CH, (25b)

as given in reaction 4. This mechanism is certainly
reasonable for the photodecomposition of the Hg and
Cd precursors, which have first and second bond en-
ergies ~59 and ~3 keal/mol for DMHg and ~59 and
~13 kecal/mol for DMCd, respectively.®® There is
relatively little information about the bond energies for
DMTe. Recent measurements suggest that the first
bond energy in DMTe is ~46 keal/mol*® and that free
Te atoms (+2CH;) are formed?® in (the low fluence)
248-nm photolysis of DMTe.28%¢ If true, DMTe also
decomposes by reactions 25. (TeCH; has been detected
in the 248-nm photolysis of DMTe,” but it may be a
transient species.)

Similarly, epitaxial growth of CdTe on GaAs at 165
°C has been demonstrated by laser-assisted MOCVD
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via KrF laser (248 nm) and ArF laser (193 nm) photo-
lysis of DMCd/DETe mixtures.?»?%6287 From about
Toubstrate = 150-300 °C, the photolytic deposition rate
in these experiments was approximately constant and
was significantly faster than the rate with equivalent
substrate heating and no laser present. Since DMCd
readily dissociates at these substrate temperatures, the
rate-limiting step is DETe photodissociation. In these
studies, the photolysis of DETe at 248 nm was shown
to produce the °P, ground state of Te, while 193-nm
photolysis yielded Te atoms distributed among the
°P,/%P, /3P, states in the ratio 13/2/1.2% Apparently,
in 248-nm photolysis (115 kcal/mol) cleaving of both
Te-ethyl bonds occurs, with the photon energy barely
exceeding the estimated value of AH e for DETe into
Te + 2CoH; (~112 kcal/mol).3 The production rate
of Te was observed to be linear with laser intensity at
248 nm by using laser-induced fluorescence, showing
that photolysis of DETe is probably due to a one-pho-
ton process, though this is not certain.

CdTe film quality was observed to be about the same
at 193 and 248 nm in these experiments. Photolysis at
shorter wavelengths, such as 193 nm, is usually avoided
in photodeposition when dissociative absorption bands
are suitably strong at longer wavelengths, such as 248
nm in this case. Though the absorption coefficient is
sometimes larger at shorter wavelengths, there is a
greater probability of secondary photolysis of volatile
radicals and molecules. This can lead to the intro-
duction of impurities into the film, such as carbon.

Also, HgTe films have been deposited on GaAs at
Toubstrate = 165 °C using 248 nm to photolyze the Te
source DETe and either DMHg or divinylmercury
[(CH,CH),Hg (DVHg)] as the Hg source.3? DVHg was
synthesized for the first time in the cited study and was
used instead of the more readily available precursor
DMHg because it decomposes at a relatively lower
temperature (200 vs 350 °C) and because it has a rel-
atively larger absorption cross section at 248 nm (~4.4
X 101 vs ~1.5 X 107'® cm?). Stoichiometric HgTe films
were obtained by using a DVHg/DETe partial pressure
ratio of 1.3/1, while even much higher DMHg/DETe
reactant ratios (27/1) still produced mercury telluride
that was 20% deficient in Hg.

Because 248-nm photons appear to have barely
enough energy to remove both ethyl groups from DETe,
photolysis at longer wavelengths, such as by 254 nm
from Hg lamps, requires either the absorption of two
photons or other processes to help form free Te atoms.
This may be the reason why 254-nm irradiation of neat,
flowing DETe (absorption cross section ~1.5 X 10718
cm?) does not produce Te films locally, but downstream
from the site of initial irradiation.?8® This has been
explained by the following mechanism:?%

Te(Csz)Q + hy — TeCZH5 + 02H5 (263)
TeCsz + T902H5 - Tez(C2H5)2 (26b)
T62(02H5)2 + hy — Te(C2H5)2 + Te (26C)

At these longer wavelengths, the TeC,H; produced in
reaction 26a would not have enough energy to decom-
pose any further. This route could be important only
if the absorption cross section of Te,Et, far exceeded
that of TeEt. At present, this mechanism is speculative.

A different mechanism of DETe decomposition has
been proposed for CdTe epitaxy by photolysis of
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DMCd/DETe mixtures in H, carrier gas.?®® In this
case, methyl radicals from DMCd photolysis (reactions
4 and 25) lead to the production of H atoms by

which then may catalyze the DETe decomposition:
Te(C2H5)2 +H—>Te+ 02H5 + CZHG (28)

Again, this possible mechanism is still speculative.

Parallel to these_investigations of photon-assisted,
low-temperature deposition of CdTe, HgTe, and Hg-
CdTe are several efforts trying to lower the temperature
needed for conventional CVD by using alternative
precursors. For example, tellurium precursors such as
Te,(CHjy),, which are less stable than the more com-
monly used DMTe and DETe, have been used.?®
These alternative precursors are also candidates for
photodeposition.

Most studies of II-VI semiconductor deposition, in-
cluding all the examples cited here so far, proceed by
the dissociation of gas-phase species. Recently, the
surface chemistry®® and photolytic decomposition® of
adsorbed layers of DMCd and DMTe at 295 K in UHV
have been studied. ArF laser (193 nm) irradiation
photolyzes DMTe adsorbed at submonolayer coverages
on gold to form metallic Te with negligible carbon
contamination. In contrast, DMCd adsorbed on
amorphous Si0, desorbs (~80%) and decomposes
(~20%) upon 193-nm irradiation, forming adsorbed Cd
and carbon as hydrocarbon and carbidic impurities.?®
The resulting chemisorbed methyl radicals desorb and
do Z’not decompose at 193 nm at low fluence (0.25 J/
cm?),

C. Compound Insulators

Several oxide and nitride insulator films have been
grown using a semiconductor or metal precursor and
N,O for oxygen or NH; for nitrogen. Laser pyrolytic
deposition follows the analogous thermal CVD reaction
closely. In photolysis, usually one of the two reactants
absorbs strongly, while the other absorbs relatively
weakly. The strongly absorbing species dissociates and
controls the reaction chemistry. Many studies of in-
sulator deposition have been conducted using ultraviolet
lamps by direct excitation of the reactants or by mer-
cury sensitization. These topics have been reviewed
recently,! and are not covered here.

Silicon Dioxide Deposition. In analogy with con-
ventional CVD, lasers have been used to heat surfaces
locally to assist the deposition of silicon dioxide using
buffered silane/nitrous oxide mixtures, with the prob-
able overall reaction

SiH, + 2N,0 — SiO, + 2H, + 2N,  (29)

Using this mixture silicon dioxide rods have been grown
pyrolytically with a focused krypton ion laser at 530.9
nm,®! and silicon dioxide microlenses have been grown
pyrolytically with a focused CO, laser on a quartz
substrate and an argon ion laser on a Si substrate,2%2%

Large-area stoichiometric SiO, films have been grown
photolytically with a 193-nm ArF laser focused to a line
above and parallel to the substrate in the presence of
SiH,/N,O mixtures.?2% Si0O, has also been deposited
by using KrF laser (248 nm) photolysis of SiH,/0,/N,
mixtures® and by ArF laser photolysis of Si;Hg/N,O
mixtures.2%
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The exact steps in photolytic deposition of SiO, films
are not known. However, in SiO, deposition from
193-nm photolysis of SiH,/N,O mixtures, the produc-
tion of oxygen atoms from nitrous oxide photolysis

NoO + hy —222, N, + O('D) (30)

is probably the first step, since the absorption cross
section of NyO at 193 nm (8 X 10% cm?)*? is much
larger than that of SiH,. The following general steps
in SiO; deposition have been hypothesized recently.!
O('D) is probably relaxed rapidly by collisions to form
O(P), which reacts with SiH,

O(P) + SiH, — SiH; + OH (31)
to produce SiHg, which may also be formed in the
subsequent reaction

SiH; can undergo disproportionation to produce SiH,
radicals:

Reactions of N,O with SiH,, or less likely with SiHj,
will form SiO,,H, products. After further reaction of
these intermediates with SiH,, SiHg, and O, more com-
plex species are produced, (SiO,H,),, which migrate to
the heated substrate surface and decompose to form the
Si0, film. The last steps are very complex and have
not been investigated yet.

Ge0,-Si0, glass has been photodeposited by 193-nm
photolysis of GeH,/SiH,/N;0 mixtures.?® Though the
absorption cross section of germane (3 X 10720 cm?)%¥7
is much greater than that of silane at this wavelength
and is, in fact, comparable to that of nitrous oxide, the
Ge/(Ge + 8i) fraction in these films is close to the
GeH,/(GeH, + SiH,) fraction in the reactant mixture.
Ozxygen atoms from nitrous oxide photolysis react with
both the silane and germane and control the rate of
reaction.

Silicon Nitride Deposition. As in conventional CVD,
silicon nitride films have been grown by using buffered
SiH,/NH; gas mixtures, with ammonia replacing the
nitrous oxide used in silicon dioxide film growth.
Localized deposits have been formed by using localized
heating of the substrate with this mixture.?92:293
Large-area films have been grown by CO, laser gas-
phase heating and homogeneous decomposition®! and
by photolysis of this mixture with an ArF laser parallel
to the substrate.3923% Silicon nitride films have also
been deposited by ArF laser photolysis of disilane/am-
monia mixtures,?21:304-306

The net kinetics of silicon nitride deposition by CW
CO, laser heating of gas-phase SiH, in the presence of
NH; have been investigated by measuring the individ-
ual Si and N deposition rates as a function of gas and
surface temperature.?! The gas temperature was de-
termined from steady-state energy balance between
laser absorption and heat flow, while the substrate
temperature was controlled directly. Up to a gas-phase
temperature of 750 °C, the effective E, for the silicon
deposition rate was ~44 kcal/mol, which is nearly the
value that was obtained in the absence of NH,.20! At
higher temperatures, the rate of silicon deposition was
limited by the flow rate of silane. The ratio of the
deposition rates of N atoms to that of Si atoms de-
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pended weakly on the substrate temperature, with an
effective E oy ~ 4.5 kcal/mol. Consequently, the rate
of deposition of the silicon nitride film is controlled
essentially by the gas temperature, while the relative
Si/N stoichiometry is controlled by the substrate tem-
perature.

The individual steps of this process are not well un-
derstood, but some things are clear.?®! Since the acti-
vation energies for the initial step in thermal decom-
position of silane and ammonia are ~52 and ~91
kcal /mol, respectively, laser heating initially decom-
poses SiH, (to SiH,; + H;). NH; does not decompose
unimolecularly but instead reacts with products, such
as SiH,, in the gas and on the surface to form Si,N,H,
intermediates that decompose further on the surface
Because the substrate temperature affects the Si/N
ratio in the film, some of these intermediates must be
formed on the surface.

In silicon nitride deposition by 193-nm photolysis of
SiH,/NH; mixtures, the first step is probably photo-
dissociation of ammonia:

NH, + hv — NH, + H (34)

where the NH, is formed in its ground state with nearly
unity efficiency.3” The low-intensity absorption cross
section of ammonia at 193 nm is 1 X 10717 cm2.32 At
high intensities, a second photon may be absorbed by
the NH,! to form NH + H. Silane, which absorbs very
weakly at this wavelength, probably reacts with the
ammonia photolysis products in a sequence similar to
that in SiO, deposition, though the exact pathway is not
known. Two-photon dissociation of silane is probably
unimportant here.

Apparently, the only study of the gas-phase kinetics
during photolytic silicon nitride film formation is the
recent work®*? in which steady-state and time-resolved
molecular beam sampling mass spectrometry was used
to examine products of 193-nm photolysis of silane/
ammonia mixtures. All possible aminosilanes, SiH;N-
H,, SiH,(NH,),, SiH(NH,)3, and Si(NH,),, were found
in steady state, in addition to the higher order silanes
Si;Hg and SigHg. Surprisingly, time-resolved analysis
showed that each of these gas-phase products is formed
<0.1 s after the laser pulse and that secondary photo-
lysis is not needed to form each of the observed prod-
ucts. The authors hypothesize that after reaction 34,
SiHj, is promptly formed by

SiH, + NH, — SiH,; + NH; (35b)
SiH; can form by SiH; disproportionation, reaction 33,
and higher order silanes can be produced by SiH;/ SIH3

and by SiH,/SiH, recombination, reaction 14. Ami-
nosilanes are initially formed by reactions such as

SiH, + NH, — SiH,NH, + H  (36b)
SiH,NH, + H + M — SiH,NH, + M (36¢)

where M is any third body, followed by reactions such
as
SiH,(NH,),, + NH, — SiH,;(NH,),,.;, + H (37a)

SiH, (NHy) ey + H + M — SiH,(NH,),..; + M
(37b)
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Presumably, these aminosilanes decompose on the
heated substrate to form the silicon nitride film, as in
plasma CVD. The details of this mechanlsm are still
very uncertain.

In silicon nitride film deposition by ArF laser (193
nm) irradiation of Si;Hg/NH; mixtures,??1,304-306 pho.-
tolysis of the silicon-bearing reactant, disilane, is
probably very important in the deposition kinetics, as
is the photolysis of NHj, because of the large absorption
cross section of Si,Hg at 193 nm. This has yet to be
studied in detail.

Aluminum Oxide and Nitride Film Deposition.
Aluminum oxide films have been deposited by ArF laser
(193 nm) photolysis of TMA1/N,O gas mixtures,53:308-310
The absorption cross sections of the two reactants are
comparable at 193 nm, on the order of 107%° cm? After
the first 193-nm photon is absorbed by the TMALI di-
mer, TMAL is produced with what appears to be almost
(but not) enough energy to break one AlI-CHj bond.
Subsequent absorption of photons can break up to two
Al-CH; bonds per 193-nm photon. The resulting Al
atom or Al(CHj,), radical probably reacts with O(*D)
from N,O photolysis (reaction 30). In the presence of
small amounts of oxygen (due to imperfect vacuum
conditions in the chamber), aluminum oxynitride films
are formed as the result of 193-nm photolysis of
TMAI/NH; mixtures.3! Both TMAI and NHj; absorb
at 193 nm strongly, and Al or AI(CHj), reacts with NH,
(reaction 34) and residual oxygen. The mechanistic
details of aluminum oxide and nitride photodeposition
still need further study.

Other Insulators. Several other oxides have been
deposited by using laser-assisted deposition. Some of
these are insulators, while others are large-band-gap
semiconductors; they are included here because of sim-
ilarities to the deposition of Si0, and Al,0;. The
large-band-gap II-VI semiconductor ZnO has been
photodeposited by 193- and 248-nm photolysis of
DMZn/N;0 mixtures.’’? Both reactants are photo-
dissociated in this case. TiO, films have been formed
by CW CO, laser heating of quartz substrates in the
presence of TiCl,/H,/CO, mixtures.®

Tin oxide has been deposited on GaAs with a focused
scanning argon ion laser by pyrolytic deposition of tin
from SnCl, in the presence of residual oxygen.’1?
Large-area SnQ, films have also been grown by 193-nm
photolysis of SnCl,/N,O mixtures.34 In this case, both
reactants are photolyzed:

SnCl, + hv — SnCl, + Cl (38)
N,O + kv — N, + O('D) (30)

with absorption cross sections 3.8 X 1077 and 7.9 x 107%
cm?, respectively. When the ArF laser photolyzes the
gas but does not impinge on the SiO, substrate, a white
powdery deposit forms, which is presumably SnOCl,,
due to

SnCl; + O(D) — SnOCl, + Cl (39)

When the laser is incident on the substrate, this SnOCl,
intermediate is apparently converted to a conductive
SnQ, film, possibly by a thermally induced reaction.
The exact mechanism is not clear.

Mixed Cr;03/CrO, thin films and Cr,0j3 single crys-
tals have been directly written from CrO,Cl, vapor by
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using an argon ion laser operating with the 488- and
514.5-nm lines.?*? The deposition is initially photolytic,
and after some deposition the laser can heat the surface
and induce pyrolytic deposition. CrO, is first formed,
possibly by the sequential elimination of Cl from Cr-
0,Cl,. Laser heating of the deposited film not only
helps induce further decomposition but also helps
transform the deposited CrQ, into Cr,05 by oxygen
elimination.

Other insulators have also been deposited by using
laser chemical processing. TiC has been deposited on
COq, laser heated quartz and stainless steel in contact
with TiCl,/CH, gas mixtures.® PN films have been
deposited on InP at relatively low temperatures (300
°C) by ArF laser (193 nm) photolysis of PHy/NH;
mixtures in parallel geometry.31%

In limited studies, insulating polymer films have also
been formed by using laser-assisted deposition. A solid
polymer with poly(dimethylsiloxane) structure has been
deposited by using a TEA CO, laser to irradiate a
methyl methacrylate (MMA)/SiH, mixture.?'¢ Colli-
sionally assisted infrared laser multiple-photon disso-
ciation of the silane produces SiH, radicals that add to
the carbon double bonds in MMA to form three-mem-
bered rings, which then decompose into a siloxane
polymer. Also, 1-methyl-1-silacyclobutane has been
decomposed by CW CO, laser heating of an SFg sen-
sitizer to form an organosilicon polymer.%17

IV, Growth Models

In section III, different examples of laser-assisted
deposition were presented and were analyzed in terms
of basic dissociation steps and, when known, subsequent
chemical steps. Other factors, such as gas transport,
can be equally important in the overall deposition
process for both pyrolytic and photolytic growth from
gas-phase and adsorbed reactants; this is also true for
other deposition methods, such as CVD. Several groups
have modeled the overall process chemistry for laser-
assisted growth with the hope of explaining and pre-
dicting deposition rates, deposit morphology, and de-
posit localization.

Laser deposition can be conceptually described by a
six-step model of basic steps that occur simuitaneously
during thin film growth:3:1% (1) basic interaction of the
laser with the medium, (2) transport of reactant gas to
the laser interaction region, (3) primary decomposition
step, (4) secondary decomposition of intermediates and
transport to the film, (5) incorporation of deposit atoms
into the film, and (6) transport of product gas from the
film and the laser interaction region. Each of these
“steps” may be complex and may vary in time, even
with CW laser irradiation. These steps are currently
not well characterized for many processes. Because of
the complexity of modeling, the reported studies have
usually treated only a few of these steps in detail, while
treating the others only approximately. Furthermore,
these studies have usually been applied to systems with
fairly simple chemical kinetics, such as the thermal
decomposition of Ni(CO),.

In step 1 the laser is absorbed by the substrate in
heterogeneous pyrolytic deposition, and after rapid
energy equilibration in the solid, the substrate and the
surrounding gas are heated. The temperature rise can
be calculated by using the time-dependent or steady-
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state form of the heat flow equation, as needed.
Steady-state analysis suffices in many process regimes
if the laser irradiation is CW. In direct laser writing
with a laser of spot size w scanning relative to the
surface at a speed v, steady-state analysis demands that
the dwell time of the laser at that spot w/v and the
pulse length of the laser (if it is indeed pulsed) greatly
exceed the characteristic thermal diffusion time w?/D,
where D is the thermal diffusivity; otherwise, time-de-
pendent analysis is required.?® Time-dependent
analysis may also be needed if the thermal properties
or optical properties of the substrate change as a result
of deposition.?*® In homogeneous pyrolytic deposition,
the laser is absorbed in the gas by the deposit-con-
taining reactant or by another absorber. After energy
relaxation, the heat flow equation can again be used to
determine the temperature profile in the gas. Homo-
geneous pyrolysis can also occur in cases of laser sub-
strate heating. In photodeposition, step 1 describes
photon absorption by gas-phase or surface-adsorbed
reactants containing the deposit atoms. Furthermore,
electron—hole pairs can be formed as a result of laser
absorption in semiconductors which can affect both
pyrolytic and photolytic deposition. The electron-hole
pair density can be calculated by balancing photo-
creation of the pairs, with diffusion and losses, such as
those due to direct recombination and Auger processes.

Step 2 describes the gas transport of reactants to the
site of laser excitation near or at the substrate surface.
As in CVD, this can be a rate-limiting step. In pyrolytic
and photolytic deposition in which heterogeneous
chemistry of the reactants is important, this step also
includes the adsorption of reactants on the surface.
Large-area and direct laser-assisted deposition differ
in that in the former case transport is essentially a
one-dimensional problem to or from the surface,
whereas in localized processing, transport can be con-
sidered to be a three-dimensional problem. Conse-
quently, in localized deposition, transport of reactant
gas to the reaction site and of product gas from the site
of deposition are less likely to be rate-limiting steps
than in large-area deposition, and the local deposition
rates can be much faster in direct laser writing. In
localized laser deposition, the nature of gas transport
depends on the Knudsen number K, = [/p, where [ is
the mean free path and p is the characteristic size of
the deposit region.851% If K > 1, transport is in the
molecular flow regime where collisions near the irra-
diation site are unimportant. The impingement flux
of reactants incident on the laser-irradiated region is
ng,/4, where n, and v, are the reactant concentration
and average speed, respectively. For K, < 1, diffusion
and, at times, also convective flow and turbulence are
important if the reactive sticking coefficient is ~1.
When deposition rates are fast and when more than one
volatile molecule is released per reactant in decompo-
sition (as in Ni(CO), pyrolysis where four CO molecules
are released for each Ni(CO), molecule consumed), re-
plenishment of reactants at the deposition site can be
hindered due to convection of gas products at high
velocities from the reaction site. At slow deposition
rates and when only one product molecule is released
per reactant molecule, transport is diffusion limited for
K, £ 1. The transport of reactants into the micro-
reaction zone surrounding the laser focus can help ex-
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plain the dependence of the deposition rate on reactant
pressure, laser beam radius, and irradiation time,!"155%
as is discussed below in more detail.

The primary decomposition step 3 has been given for
many precursors in section III. As also seen in section
I11, step 4, which involves possible secondary reactions
and transport to the surface, can be equally important.
These secondary reactions can be very complex and are
usually poorly characterized; this is true for laser-as-
sisted deposition and for non-laser methods such as
CVD. When binary compounds are deposited with la-
ser-assisted decomposition of only one of the two pre-
cursors, these secondary reactions involve the decom-
position of the second reactant.

In many of the examples discussed in section III,
particularly those of photodecomposition, the primary
interaction of the laser produces a molecular fragment
that includes the deposit atom and undesired atomic
impurities such as C, O, and H. In some cases of pho-
tolytic deposition, only modest heating of the substrate
is needed to decompose these intermediates into the
deposit atoms and volatile products. Furthermore,
when deposit atoms or intermediates are generated in
the gas, they must be transported to the surface.
Sometimes important chemical or physical interactions
occur during this transport, at times with undesirable
effects resulting from this chemistry or transport. For
example, when metal atoms are generated by photolysis
of gas-phase molecules, clusters of atoms can form
during transport to the surface. This produces films
with low adhesion that are full of voids. Moreover, any
spatial selectivity derived by local laser excitation in the
gas can be lost due to lateral diffusion of products
during transport to the surface.

In step 5 the deposit atoms are incorporated into the
film. Sometimes, this is very sensitive to surface con-
ditions, depending on the nature of the initial substrate
surface or the film already deposited, as during the
epitaxial growth of thin films. Initial nucleation of the
thin film from deposit atoms can be very important.

Transport of product molecules from the deposition
site in step 6 can also include the desorption of volatile
molecules from the surface. Many of the modeling
considerations in this step are similar to and are linked
to those for reactant transport to the reaction site,
described by step 2.

A. Pyrolytic Deposition

Models of heterogeneous pyrolytic reactions utilize
the temperature distribution produced by laser heating
of the substrate. Several analytic solutions of the
steady-state heat flow equation for simple cases, such
as laser beam heating of a semiinfinite substrate, have
been obtained2318321.322 gnd are used in some of these
models. In the simple case of a laser beam with a
Gaussian profile (eq 2) of power P and beam size w,
incident on a substrate with reflectivity R, absorption
coefficient «, and thermal conductivity K, the tem-
perature rise is given by?321:822

AT W) = 2o B w) (40)

e 211/ 2Kw re
where W = aw and N(r,z,W) is a single integral ex-
pression. All optical and thermal parameters have been
assumed to be independent of temperature in eq 40. In
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the limit that the laser spot size w is much greater than
the absorption depth 1/«

2 1
N(©O,0,W) —1 - ;_lﬁ W as W— o (41a)

N decreases parabolically near the center, and far from
the center it decreases as

N(@rz,W) — L L

—— asr/worz/w—
T2 (72 + 22)1/2 / /

(41b)

If the thermal conductivity is a function of temperature,
the form of eq 40 is slightly different.3!8322

When the substrate geometry or other deposition
conditions are more complex, numerical analysis of the
heat flow equation using finite difference or finite ele-
ment analysis is needed, such as when there are mul-
tiple films on the substrate. This is particularly true
when the optical and thermal properties of the sub-
strate depend on temperature in a complex manner or
when the effect of the deposit on the process must be
considered. Laser heating has been examined for sev-
eral cases of specific interest to localized laser CVD,
such as laser absorption by (deposit-like) disks on
substrates.?5:323:3242 If the laser of power P is totally
absorbed near the surface of a disk of diameter d with
reflectivity R and thermal conductivity K4 and if the
thermal conductivity of the substrate is K, then the
temperature rise at the edge of the disk is approxi-
mately given by?324

P1-R)

AT(r = d/2) = —

(42)

If the deposit has much higher thermal conductivity
than the substrate (K > K,), then this expression also
gives the approximate temperature rise throughout the
disk. If K4 ~ K, then the temperature rise is much
larger near the center of the disk than at its circum-
ference. For K = K, the temperature profile resembles
that of a uniform semiinfinite substrate. Figure 7 shows
the temperature profiles of laser-heated Si disks on
fused silica and sapphire substrates calculated by finite
diffeg5ence solution of the steady-state heat flow equa-
tion.

These results can give some insight into the depos-
ition process in localized CVD in which the laser focus
is fixed at one spot (static conditions), by assuming
these disks are the actual laser deposits.323324 If the
deposited material and substrate have roughly the same
thermal conductivity, K; ~ K,, then as the deposit
grows, the temperature distribution on the deposit
surface does not change very much and deposition
continues with an approximately constant growth rate
as long as the laser irradiates the deposit. However, if
the deposit has much higher thermal conductivity than
the substrate, K; >» K,, then as the diameter of the
deposit grows, the temperature rise throughout the
deposit decreases, as shown by eq 42. Therefore, the
growth rate decreases with deposit size in this case and
the deposit will grow to a certain size and then grow no
more, even with continued laser irradiation.

The time dependence of the flux of reactants, j, to
a hemispherical deposit of radius R was calculated in
ref 17 and 320 to examine transport limitations during
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Figure 7. Calculated temperature profiles vs radial displacement
(um) for 4-um-diameter, 0.62-um-thick polysilicon disks for the
top of the disk (solid line) and bottom of the disk (dashed line)
for CW laser heating of (a) a fused-silica substrate (488 nm, 24
mW) and (b) a sapphire substrate (514.5 nm, 100 mW). (From
ref 25.)

heterogeneous laser-assisted microreactions. In steady
state this flux is

. Dp,
)= kaT@D/au + R)

where D is the diffusion coefficient, p, is the reactant
pressure, kg is Boltzmann’s constant, T is the temper-
ature, « is the reactive sticking coefficient, and u is the
reactant velocity. If the atomic or molecular volume
of the deposit is v;, then the steady-state rate of change
of the hemisphere volume V is

dV 27rR2lep1

(43a)

At kgT(2D/au + R) (43b)
and the rate of change of the deposit radius is
u,D
dR 1P (430)

dt ~ kaT(2D/au + R)

which is also the vertical deposition rate.!® These ex-
pressions ignore transport of the product gas away from
the site of deposition, convection, and thermal diffusion
into the gas.

In the limit of high pressure the vertical deposition
rate varies inversely as R, becoming very large for small
deposits and, in fact, much larger than the deposition
rates possible in large-area CVD.1%® (Remember that
the diffusion coefficient varies inversely with pressure.)
Though the local vertical deposition rate is large for
small R, the rate of increase of the total deposit volume
is still larger for large R and for conventional large-area
CVD than for small-radius deposits.

In ref 158 the expression for the vertical deposition
rate eq 43¢ was generalized to include buffer gas added
to the reactant gas to obtain

dR avyp; ( 4K, /30

1+ (K, /3a)) (44a)

At (2rmkgT)!?
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where K, = 3D,,/[R(8kgT/wm)'/?] and D, is the binary
diffusion coefficient for the reactant/buffer combina-
tion. Again, deposition is assumed to be in steady state
and diffusion of products from the surface, convection,
and thermal diffusion are neglected. When the Knud-
sen number K, > « (the reactive sticking coefficient),
eq 44a simplifies to
dR av1py

Pl (44b)

This condition (K, > «) refers to two commonly en-
countered experimental conditions: (1) the free or
molecular flow regime where the mean free path [ >
R and (2) the regime where surface processes, such as
precursor reactivity and product adsorption, are rate
limiting, so « <«< 1 (for any ! and R as long as o« « K,
also). In this study eq 44b was used to model one re-
gime of local laser CVD of gold from Me,Au(HFAc).1%
Comparison of eq 44b with the measured deposition
rate gave a = 0.60. Since the deposition rate in this
experiment did not depend strongly on the temperature
induced by the laser, growth appeared to be limited by
mass transport after a deposit was initially formed on
the substrate.
When K, < a, eq 44a becomes

@ _ Dyov1p4
dt RkgT

For a ~ 1, this expression is valid for [ << R. If there
is no buffer eq 44c predicts that the growth rate is
independent of the reactant pressure p, in this regime.
If the pressure of the buffer gas p; > p;, then the de-
position rate increases linearly with the reactant pres-
surg §D1 and decreases inversely with the buffer pressure
Do-
More refined models of laser pyrolytic deposition
include the interplay of laser heating, mass transport,
surface kinetics, and surface reactivity. As mentioned
earlier, even these models entail many approximations
and have usually been applied to relatively simple
systems. Heterogeneous decomposition of Ni(CO), to
produce Ni films has been analyzed most frequently.
One early model of localized laser CVD was applied
to the growth of Ni from Ni(CO), on silicon substrates,
using a Gaussian-profiled laser for substrate heating !
In this quasi-steady-state analysis, closed-form nu-
merical solutions of the heat flow equation were used
to determine the temperature profile. Gas diffusion was
handled by using a Green’s function method. The
heterogeneous reaction rate for CVD of Ni from the
carbonyl, characterized in ref 107 by a Langmuir-Hin-
shelwood adsorption—surface reaction mechanism, was
used to determine the steady-state local deposition rate.
This reaction rate expression is a function of the local
partial pressures of the Ni(CO), reactant and the CO
product and the local temperature. Closed-form lim-
iting expressions for the initial deposition rate at the
center of the laser spot were obtained by using the
reactant pressure and the ratio of laser power P and
beam radius w as parameters. In the limit low laser-
induced temperature rises (small P/w), the deposition
rates are surface-reaction limited and increase expo-
nentially with P/w. For high laser-induced temperature
rises (large P/w), growth is limited by gas-phase diffu-
sion. The magnitude of this maximum, transport-lim-

(44c)
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ited deposition rate increases with reactant pressure.
The experimental studies of local laser CVD of nickel
conducted as part of this study showed saturation of
the deposition rate with increasing laser power (at
constant beam radius), in qualitative agreement with
the model predictions.

A more recent study®'® examined laser CVD of Ni on
fused quartz with Ni(CO),. The local temperature was
obtained by time-dependent finite difference analysis
of laser heating of the substrate and was used in the
same expression for Ni CVD cited above;'%7 the local
Ni(CO), and CO pressures used in this expression were
obtained only approximately.??® Notably, this inves-
tigation included variations in the deposit-related and
temperature-dependent thermal and optical parameters
during the course of deposition, which are extremely
important for this process. Experimental deposition
rates measured in this study were within a factor of ~2
of theory, which is quite good considering the large
changes in optical and thermal parameters during de-
position.

In a related, purely theoretical study, mass transport
during laser CVD, in general, and laser-assisted Ni
deposition from Ni(CO),, in particular, were exam-
ined.?? Perhaps the most important contribution of
this study was the inclusion of convection in mass
transport, in addition to diffusion. It was found that
the local reactant partial pressure near the laser mi-
croreaction site and the deposition rate are both lower
when convection of the CO products from the depos-
ition site is included in the mass transport analysis,
because this convection hinders diffusion of reactants
to the reaction zone.

Another totally theoretical study of heterogeneous
local laser CVD was conducted recently to analyze how
the deposit shape and deposition rates depend on gas
transport and kinetic effects; finite element analysis was
used in this study.32® As in the other studies, nickel
deposition was used as the main example in this
treatment. A transient analysis of localized laser
heating of the substrate was employed, along with
quasi-steady-state heating of the surrounding gas region
and mass transfer. In the parameterization, reaction
rates were assumed to follow either Arrhenius-type of
Langmuir-Hinshelwood kinetics. One important con-
clusion of this study is that the localized depression
sometimes observed in deposits grown by static laser
CVD can be attributed to two effects: to the depletion
of gas and reactants at the center of the laser beam and
to adsorption,/desorption effects; the latter was manifest
only when using Langmuir-Hinshelwood-type kinetics
instead of Arrhenius-type kinetics. Furthermore, only
this latter mechanism produced very deeply depressed
volcanos, while both factors decreased the overall de-
position rate. Two other mechanisms were found to
decrease overall deposition rates without producing
volcano-type structures: net convection of products
from the deposition site (Stefan flow effect) and fast
thermal diffusion of reactants away from the hot center
of the laser-heated deposition region. No specific com-
parison of model predictions with published experi-
mental data was made.

The morphology and structure of deposition features
during localized surface heating have also been analyzed
by using a detailed Green’s function analysis to follow
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diffusion and kinetics.3?” Reactions of the type A + B
= 2C and B 2 A + 2C, where A is a surface species,
B is the reactant molecule, and C is the product mol-
ecule, were analyzed, which can serve as a prototype of
the coupled etching and deposition reactions: Si(s) +
SiH,(g) — 2SiH,(g) and SiH,(g) — Si(s) + 2Hy(g). This
theoretical study demonstrates why deposition rates can
be much faster in localized deposition vis-a-vis large-
area deposition. Furthermore, this kinetic treatment
explains why attempts to deposit silicon from silane on
Si surfaces can instead etch the surface in some ex-
perimental regimes.

These models qualitatively account for many of the
features observed in heterogeneous, localized laser CVD.
Few attempts have been made to check for quantitative
agreement with experiment. Furthermore, these studies
have concentrated on simple systems, where the chem-
ical steps could be lumped into a single expression for
the deposition rate. Consequently, the general value
of these models for quantitative prediction of growth
rates is limited. It should be remembered, however,
that this complexity and lack of characterization of
kinetics that affects laser CVD modeling, also plague
attempts to model conventional CVD and lamp-assisted
deposition.

Models of large-area pyrolytic growth by laser heating
of the gas have also been developed, which include
details of laser absorption, gas-phase thermalization,
heat transfer to the surface, simplified reaction kinetics,
and gas transport of reactant and intermediates to the
surface.?01:301,328329 Thege models have been applied to
the deposition of amorphous silicon and silicon nitride;
the results were briefly mentioned in section III.

B. Photolytic Deposition

Several models of deposition have been developed to
predict growth rates from local photolysis of gas-phase
and surface-adsorbed reactants. These models include
only the initial photolysis event and ignore the possi-
bility of subsequent chemistry such as recombination.

One aim of these studies has been to determine
whether gas-phase or surface decomposition dominates
growth in a given experimental regime. An early simple
model predicted that at the center of the deposit the
growth rate is proportional to 1/w if gas-phase photo-
lysis dominates, where w is the laser beam radius, while
the deposition rate is proportional to 1/w? if surface
photolysis dominates.’® In this same study, the ex-
perimental photodeposition rate of DMCd was found
to vary as 1/w03%015 guggesting that deposition was
apparently due to gas-phase photolysis in the particular
experimental regime examined. This model has been
refined and used in other experimental studies to de-
termine the relative importance of gas-phase and sur-
face photodecomposition.204!

A quite comprehensive treatment of photodeposition
by a Gaussian-profiled laser has been published recently
which treats gas-phase deposition in the molecular flow
(free flow or “ballistic”) regime and in the diffusion
regime and treats surface-controlled photodeposition
as photolysis of either physisorbed or chemisorbed
species.®® This study neglects chemical processes other
than initial photolysis. The deposition rate at the
center of the deposit was found to have the same de-
pendence on the beam radius as determined in ref 68.
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Moreover, a simple approximate expression for the
deposition rate kypotoiysis a8 @ function of radius r was
obtained for gas-phase photolysis under molecular flow
conditions: :
néioglr 4 4
Eomotyes = fngiog(N) 8wt + r 45)
2[r(w? + r?)]/2 8wt + #l/2rt

where n is the gas density, ¢, is the photon flux, o4 is
the photodissociation cross section, r is the radial co-
ordinate, w is the laser half-width at 1/e intensity (as
in eq 2), and f is a,,/2, where «j, is the sticking coeffi-
cient of the deposit atom on the surface. Equation 45
predicts a growth rate that decreases as 1 - (r/w)?/2 for
r/w <« 1 and decreases as 1/r for r/w > 1. Therefore,
the photodeposit is expected to be much less localized
than the Gaussian profile of the laser beam because of
this very slow decrease at large r/w.

Exactly the same profile of growth rate vs r was
calculated for gas-phase photodeposition in the diffu-
sion-limited regime as in the molecular flow regime (eq
45), but the overall rate is faster (for equivalent pa-
rameters), b