
1 TITLE SYSTEMS AND METHODS FOR FORMING SEMICONDUCTOR MATERIALS BY ATOMIC
LAYER DEPOSITION CROSS-REFERENCE TO RELATED APPLICATIONS       [0001] The
subject matter of this application is related to the subject matter of
U.S. Patent Application Serial No. 61/157,112, which was filed on March 3,
2009 in the name of Arena et al., and to the subject matter of U.S. Patent
Application Serial No. 12/894,724, filed September 30, 2010 in the name of
Ronald T. Bertran, Jr. and entitled "Thermalizing Gas Injectors for
Generating Increased Precursor Gas, Material Deposition Systems Including
Such Injectors, and Related Methods," the entire disclosure of each of
which application is incorporated herein in its entirety by this
reference. FIELD       [0002] Embodiments of the invention generally
relate to systems for depositing materials on substrates, and to methods
of making and using such systems. More particularly, embodiments of the
invention relate to atomic layer deposition (ALD) methods for depositing
III-V semiconductor materials on substrates and to methods of making and
using such systems. BACKGROUND 



100031 III-V semiconductor materials are rapidly developing for use in
electronic and optoelectronic applications. Many III-V semiconductor
materials have direct band gaps, which make them particularly useful for
fabricating optoelectronic devices, such as light-emitting diodes (LEDs)
and laser diodes (LDs) Specific III-V semiconductor materials, such as
gallium nitride ((iaN), indium nitride (InN), aluminum nitride (MN) and
their alloys (commonly referred to as the III-nitrides), are emerging as
important materials for the production of shorter wavelength LEDs and LDs,
including blue and ultra-violet light emitting optoelectronic devices.
Wide band gap III-nitrides may also be utilized for high frequency and
high power electronic devices due the III-nitrides ability to operate at
high current levels, high breakdown voltages and high temperatures.  2
[0004] One widely used process for depositing III-V semiconductor
materials is referred to in the art as metal-organic chemical vapor
deposition (MOCVD). In MOCVD processes, a substrate is exposed to one or
more gaseous precursors in a reaction chamber, which react, decompose, or
both react and decompose in a manner that results in the epitaxial
deposition of the group III-V material on a surface of the substrate.
MOCVD processes are often used to deposit III-V semiconductor materials by
introducing both a precursor containing a group III element (i.e., a group
III element precursor) and a precursor containing a group V element (i.e.,
a group V element precursor) into the reaction chamber containing the
substrate. This results in mixing of the precursors (i.e., the group ILI
element precursor and the group V element precursor) before their exposure
to the surface of the substrate.       [0005] Deposition of 111-V
semiconductor materials using a MOCVD process involves a balance between
growth rate at the surface of the substrate and compound formation in the
vapor phase. Specifically, mixing of the group III element precursor and
the group V element precursor may result in the formation of particles
that consume the precursors that are otherwise used to form the 'WV
semiconductor material on a suitable growth substrate. Consumption of
available precursors during the MOCVD process creates difficulties in
controlling the growth rate, thickness and composition of the III-V
semiconductor material, especially in large reaction chambers. Variation
in the thickness and composition of the III-V semiconductor material
formed using the MOCVD processes may negatively affect throughput and
yield of devices having a specific emission wavelength, such as wavelength
specific LEDs Furthermore, deposition rates of III-V semiconductor
materials formed by MOCVD processes are generally low, thus, decreasing
throughput and increasing cost per wafer.       [0006] Atomic layer
deposition (ALD) is a process used to deposit conformal material with
atomic scale thickness control. ALD may be used to deposit III-V
semiconductor materials. ALD is a multi-step, self-limiting process that
includes the use of at least two reagents or precursors. Generally, a
first precursor is introduced into a reactor containing a substrate and
adsorbed onto a surface of the substrate. Excess precursor may be removed
by pumping and purging the reactor using, for example, a purge gas A
second precursor is then introduced into the reactor and reacted with the
adsorbed material to form a conformal layer or film of a material on the
substrate. Under select growth conditions the deposition reaction may be
self-limiting in that the reaction terminates once the initially adsorbed
material reacts fully with the second precursor. Excess precursor is again
3 removed by pumping and purging the reactor. The process may be repeated
to form another layer of the material, with the number of cycles
determining the total thickness of the deposited film. 



[0007] III-V semiconductor materials formed utilizing ALD processes may be
of a higher crystalline quality than those formed by conventional MOCVD
processes. ALD processes may allow for greater control of precursor
incorporation into the deposited crystalline material and consequently a
greater control of the composition of the crystalline material formed,
e.g., of the HI-V semiconductor material formed by such ALD processes.
Such stringent control of the composition of the III-V semiconductor
material may be of consequence in light emitting devices, for example, to
ensure a uniform emission wavelength between light emitting devices
fabricated on a single growth substrate and between light emitting devices
from growth substrate to growth substrate.       [0008] However, the
growth rate of III-V semiconductor materials by conventional ALD processes
is relatively low in comparison to that of MOCVD. Furthermore, high
throughput of III-V semiconductor materials by conventional ALD requires
increased load sizes that make purging excess precursor and purge gas out
of the reactor difficult. Thus, currently available ALD reactors are often
configured for single wafer processing, leading to low throughput and high
cost per wafer of III-V semiconductor materials by ALD.        [0009]
Recently, ALD methods and systems have been developed in which each
precursor is provided continuously in spatially separated regions, and
each precursor is introduced to the substrate as the substrate is moved
through each precursor in succession. Such processes are often referred to
in the art as "spatial ALD" or "S-ALD." BRIEF SUMMARY        [0010] This
summary is provided to introduce a selection of concepts in a simplified
form, such concepts being further described in the detailed description
below of some example embodiments of the invention. This summary is not
intended to identify key features or essential features of the claimed
subject matter, nor is it intended to be used to limit the scope of the
claimed subject matter.  4 [0011]In some embodiments, the present
invention includes method of depositing material, such as asemiconductor
material, on a substrate. A group III element precursor and 



a group V element precursor may be introduced into alternating gas
injectors of a plurality of substantially aligned gas injectors. A
substrate may be moved relative to the plurality of substantially aligned
gas injectors such that a surface of the substrate is exposed to the group
III element precursor and the group V element precursor forming at least
one III-V semiconductor material on the surface of the substrate.
[0012] In additional embodiments, the present invention includes
deposition systems for forming semiconductor materials. The deposition
systems may include a manifold including a plurality of substantially
aligned gas injectors and at least one assembly for moving a substrate
along a length of the manifold. At least one of substantially aligned gas
injectors includes an inlet, a thermalizing conduit, a liquid container
configured to hold a liquid reagent therein, and an outlet. A pathway
extends from the inlet, through the thermalizing conduit to an interior
space within the liquid container, and from the interior space within the
liquid container to the outlet. BRIEF DESCRIPTION OF THE DRAWINGS
[0013] The present invention may be understood more fully by reference to
the following detailed description of example embodiments of the present
invention, which are illustrated in the appended figures in which:
[0014] FIG. 1 is a cross-sectional view schematically illustrating an
example embodiment of a deposition system of the invention that includes a
manifold including at least one gas injector as described herein;
[0015] FIGS. 2A through 2D schematically illustrate examples of
embodiments of gas mixtures that may be supplied to the at least one gas
injector of the manifold;       [0016] FIG. 3 schematically illushates an
example embodiment of a gas injector of the invention, one or more of
which may be used in embodiments of deposition systems of the invention,
such as the deposition system of FIG. 1; [0017] FIG. 4 is an enlarged,
partially cut-away view of a portion of the gas injector of 



5        [0018] FIG. 5 schematically illustrates another embodiment of a
gas injector of the invention that is similar to that of FIG. 3, but
further includes active and passive heating elements;        [0019] FIG. 6
schematically illustrates another example embodiment of a gas injector of
the invention, one or more of which may be used in embodiments of
deposition systems of the invention, such as the deposition system of FIG.
1;        [0020] FIG. 7 schematically illustrates another embodiment of a
gas injector of the invention that is similar to that of FIG. 6, but
further includes active and passive heating elements;        [0021] FIG. 8
schematically illustrates another embodiment of a gas injector, one or
more of which may be used to inject precursor gases onto substrates in
embodiments of deposition systems of the invention, such as the deposition
system of FIG. 1; and        [0022] FIG. 9 is a top down view
schematically illustrating an example of embodiment of a deposition system
and method of the invention. DETAILED DESCRIPTION OF EMBODIMENTS OF THE
INVENTION        [0023] The illustrations presented herein are not meant
to be actual views of any particular component, device, or system, but are
merely idealized representations that are employed to describe embodiments
of the present invention. 



[0024] A number of references are cited herein, and the disclosures of
which are incorporated herein, in their entireties, by this reference for
all purposes. Further, none of the cited references, regardless of how
characterized herein, are admitted as prior art relative to the invention
of the subject matter claimed herein.        [0025] As used herein, the
term "III-V semiconductor material" means and includes any semiconductor
material that is at least predominantly comprised of one or more elements
from group IIIA of the periodic table (B, Al, Ga, and In) and one or more
elements from group VA of the periodic table (N, P, As and Sb). For
example, ILI-V semiconductor materials include, but are not limited to,
gallium nitride, gallium phosphide, gallium arsenide, indium nitride,
indium phosphide, indium arsenide, aluminum nitride, aluminum phosphide,
aluminum arsenide, indium gallium nitride, indium gallium phosphide,
indium gallium arsenide, aluminum gallium nitride, aluminum gallium
phosphide, aluminum gallium arsenide, indium gallium nitride phosphide,
etc.  6       [0026] As used herein, the term "gas" includes gases (fluids
that have neither independent shape nor volume) and vapors (gases that
include diffused liquid or solid matter suspended therein), and the terms
"gas" and "vapor" are used synonymously herein.       [0027] As used
herein, the term "ALD growth cycle" means and includes exposing a surface
of a substrate to a first precursor, chemisorption of the first precursor
onto the surface of the substrate, exposing the surface of the substrate
to a second precursor, and a surface reaction to form a layer of material.
[0028] Methods and systems that utilize an external source of one or more
metal halides, such as, for example, gallium trichloride (GaC13), indium
trichloride (InC13), and/or aluminum trichloride (A1C13) as precursors
have recently been developed Examples of such methods and systems are
disclosed in U.S. Patent Application Publication No. US 2009/0223442 Al,
which published September 10, 2009 in the name of Arena et al., the entire
disclosure of which application is incorporated herein in its entirety by
this reference. Further, improved gas injectors have also been recently
developed for use in such methods and systems. Examples of such gas
injectors are disclosed in, for example, U.S. Patent Application Serial
No. 61/157,112, which was filed on March 3, 2009 in the name of Arena et
al., and in U.S. Patent Application Serial No. 12/894,724, which was filed
September 30, 2010 in the name of Ronald T. Beltran, Jr. and entitled
"Thermalizing Gas Injectors for Generating Increased Precursor Gas,
Material Deposition Systems Including Such Injectors, and Related
Methods," the entire disclosure of each of which application is
incorporated herein in its entirety by this reference.       [0029] The
metal halides are classified as inorganic ALD precursors. The use of such
inorganic metal halide precursors for ALD processes may be advantageous
over, for example, organic precursors since they are generally smaller,
more reactive, thermally stable and usually leave small amounts of ligand
residues in the deposited crystalline material. Small ligands reduce the
risk of steric hindrance and, as a result, reduce growth per cycle. High
thermal stability enables deposition without thermal decomposition at
higher temperatures.       [0030] Embodiments of the present invention
include, and make use of, new gas injectors in an atomic layer deposition
(ALD) process, as described in further detail below. An example of an
embodiment of a deposition system 100 of the invention that includes a
plurality of gas injectors 102A, 102B, 102C, 102D, such as those described
in U.S. Patent Application Serial No. 61/157,112 



7 or U.S. Patent Application Serial No. 12/894,724 is described below with
reference to FIGS. IA and 1B. Each of the gas injectors 102A, 102B, 102C,
102D may be configured to convert a source gas to one or more precursors
for use in the ALD process. The deposition system 100 may provide a series
of ALD growth cycles, each growth cycle forming a layer of asemiconductor
material. The deposition system 100 may, thus, be employed in forming a
plurality of layers of III-V semiconductor material, each having a desired
composition and thickness, for use in device structure formation
including, for example, light emitting diodes (LEDs) and the like.
[0031] The deposition system 100 may further include a manifold 104 and an
assembly 106, such as a track, a conveyor or a support. The manifold 104
may include a plurality of gas columns 108 configured to receive at least
one gas through a port 110 therein. The gas columns 108 may be positioned
in longitudinal alignment with one another to form the manifold 104. The
gas columns 108 of the manifold 104 may be arranged in any suitable
configuration, such as a linear, a folded or a serpentine configuration.
In some embodiments, the manifold 104 is configured to move relative to
one or more workpiece substrates 112 (e.g., one or more dies or wafers) on
which it is desired to deposit or otherwise provide III-V semiconductor
material, as indicated by directional arrow 103. In other embodiments, the
assembly 106 is configured to move the workpiece substrate 112 relative to
the gas columns 108 of the manifold 104, as indicated by directional arrow
105. For example, the workpiece substrates 112 may comprise dies or
wafers. The gas columns 108 may, therefore, be positioned at a sufficient
distance above the assembly 106 for the workpiece substrate 112 to be
moved through a space between the gas columns 108 and the assembly 106.
[0032] In the following description of the deposition system 100 and, more
particularly, the manifold 104 of the deposition system 100, the terms
"longitudinal" and "transverse" are used to refer to the directions
relative to the manifold 104 and the assembly 106 and as shown in FIG. 1,
wherein the longitudinal direction is the horizontal direction from the
perspective of FIG. 1, and the transverse direction is the vertical
direction from the perspective of FIG. 1. The longitudinal directions are
also referred to as directions extending "along a length of the manifold"
or "along a length of the assembly."       [0033] In some embodiments, the
deposition system 100 includes a gas flow system used to supply one or
more gases into the manifold 104 and to remove gases out of the manifold
104.  8 



For example, the deposition system 100 may include gas sources 114A, 114B,
114C, 114D that supply the gases to respective the gas injectors 102A,
102B, 102C, 102D.       [00341 For example, one or more of the gas sources
114A, 114B, 114C, 114D may comprise an external source of a group III
element or a group V element that may be supplied to the the gas injectors
102A, 102B, 102C, 102D. The group III element source may include at least
one of a source of gallium (Ga), a source of indium (In) and a source of
aluminum (Al). As a non-limiting example, the group III element source may
comprise at least one of gallium trichloride (GaC13), indium trichloride
(InC13) and aluminum trichloride (AlCb). The group III element source,
comprising at least one of GaC13, InC13 or AlC13 may be in the form of a
dimer such as, for example, Ga2C16, In2C16 or Al2C16. The group V element
source may include a source of nitrogen (N), a source of arsenic (As)
and/or a source of phosphorus (P). By way of example and not limitation,
the group V element source may comprise one or more of ammonia (NH3),
arsine (AsH3) or phosphine (PH3). In some embodiments, source gases may be
supplied from the gas sources 114A, 114B, 114C, 114D to the gas injectors
102A, 102B, 102C, 102D using one or more wirier gases, such as hydrogen
gas (H2), helium gas (He), argon (Ar), etc. The source gas may therefore
comprise one or more group III element sources as well as one or more
carrier gases.       [0035] As the source gas is conveyed from the gas
sources 114A, 114B, 114C, 114D through conduits 116, the source gas may be
heated to a temperature sufficient to generate a precursor gas from the
source gas. For example, the source gas may include GaCI3 and H2, which
may be heated to a temperature sufficient for the gallium trichloride to
dissociate in the presence of hydrogen into gallium chloride (Gad) and a
chlorinated species, such as hydrogen chloride gas (HCI) and / or chlorine
gas (C12).       [00361 The gas sources 114A, 114B, 114C, 114D may supply
to the gas injectors 102A, 102B, 102C, 102D. Each of the gas injectors
102A, 102B, 102C, 102D may be configured for generating one or more
precursors and for introducing the precursors to the workpiece substrate
112. For example, the gas injectors 102A, 102B, 102C, 102D may be
configured to supply precursor gases to the elongated gas columns 108,
which may be configured to direct the precursor gases toward the major
surface of the workpiece substrate 112 in a direction substantially
perpendicular to the major surface of the workpiece substrate 112. Thus,
an area on the track 104  9 underlying each of the gas columns 108
represents an injection point at which the workpiece substrate 112 is
exposed to the precursor gases.       [00371 The gas injectors 102A, 102B,
102C, 102D may each operate independently and may be spaced from adjacent
gas injectors 102A, 102B, 102C, 102D at a distance sufficient to prevent
cross-contamination of gases released by adjacent injectors 102A, 102B,
102C, 102D. Each of the gas injectors 102A, 102B, 102C, 102D may be
configured to provide a sufficient amount of gas to saturate a surface of
the workpiece substrate 112 and deposit a layer of a material on the
surface of the workpiece substrate 112. The manifold 104 of the deposition
system 100 shown in FIG. 1 is depicted with four gas injectors 102A, 102B,
102C, 102D; however, any number of gas injectors may be used. For example,
the number of gas injectors used to supply a precursor (e.g., a group III
element precursor or a group IV element precursor) to the workpiece
substrate 112 may be selected based on a desired thickness of the material
(e.g., the III-V semiconductor material). 



[0038] In embodiments where the group III element precursor is formed from
a gas comprising GaC13, InCI3, or AlC13, the group III element precursor
may be formed from the gas using at least one of the gas injectors 102A,
102B, 102C, 102D, as will be described.       100391 The deposition system
100 also includes features for maintaining separation of the precursor
gases during deposition of the III-V semiconductor material. For example,
the deposition system 100 may include at least one purge gas source 118
for supplying a purge gas to corresponding gas columns 108 and an exhaust
line 120 for drawing excess precursor gases from the deposition system
100, as indicated by directional arrow 121. The purge gas source 118 may
comprise a purge gas, such as argon (Ar), nitrogen (N2), and helium (He).
The purge gas source 118 may be used to deliver the purge gas to the
workpiece substrate 112 via the gas columns 108. For example, the purge
gas source 118 may supply the purge gas to at least one of the gas columns
108 disposed between two of the gas columns 108 used to supply the
precursors to the workpiece substrate 112. The gas columns 108 may also be
used to remove excess gases (i.e., the precursor gases and the purge
gases) from a surface of the workpiece substrate 112. The excess gases may
be passed through the gas columns 108 and into the exhaust line 120 for
removal from the deposition system 100. For example, the excess gases may
be removed through one of the gas columns 108 disposed between each of the
gas columns 108 configured to supply the precursor gases and purge gas to
the workpiece substrate 112.  10       [0040] The assembly 106 is
configured to support the workpiece substrate 112 and, in some
embodiments, to transport the workpiece substrate 112 in sequence under
each successive gas column 108. Although a single workpiece substrate 112
is shown in FIG. 1, the assembly 106 may be configured to support any
number of workpiece substrates 112 for processing. In some embodiments,
the assembly 106 may transport the workpiece substrate 112 along a length
of the manifold 104. The workpiece substrate 112 and the manifold 104 may
be moved relative to one another at a speed that enables each of the
precursor gases generated by the corresponding gas injector 102A, 102B,
102C, 102D to saturate the surface of the workpiece substrate 112. As the
surface of the workpiece substrate 112 is exposed to each of the
precursors, a layer of material may be deposited over the surface of the
workpiece substrate 112.       [0041] As the workpiece substrate 112 is
moved relative to the gas columns 108, a plurality of ALD growth cycles
for forming a III-V semiconductor material over the surface of the
workpiece substrate 112 may be completed.       [0042] As previously
mentioned, one or more of the gas injectors 102A, 102B, 102C, 102D of the
deposition system 100 may be or include one of the various embodiments of
gas injectors described in detail with reference to FIGS. 2 through 7. In
some embodiments, the gas injectors 102A, 102B, 102C, 102D may include a
thermalizing gas injector as described in U.S. Patent Application Serial
No. 61/157,112, but further including a reservoir configured to hold a
liquid reagent for reacting with a source gas (or a decomposition or
reaction product of a source gas). For example, the reservoir may be
configured to hold a liquid metal or other element, such as, for example,
liquid gallium, liquid aluminum, liquid indium In some embodiment the
reservoir may be configured to hold one or more solid materials, such as,
for example, iron, silicon, magnesium.       [0043] FIG. 2 is a
perspective view of an embodiment of a gas injector 200 of the invention.
As shown in FIG. 2, the gas injector 200 includes an inlet 202, an outlet
204, a thermalizing conduit 206, and a container 210. The container 210 is
configured to hold a liquid reagent therein. For example, a liquid metal
such as liquid gallium, liquid indium, liquid aluminum, etc., may be
disposed within the container 210. A source gas, comprising for example,
GaC13 and H2, may be supplied to the inlet 202. The source gas may flow
from the inlet 202 into the thermalizing conduit 206. The thermalizing
conduit 206 may be configured to heat the source gas flowing through the
thermalizing conduit 206 for a desirable amount of time (L e. , a
residence time),  



11 which may be a function of the cross-sectional area of the flow path
within the thermalizing conduit 206, the flow rate of the source gas
through the thermalizing conduit 206, and the overall length of the
thermalizing conduit 206. The thermalizing conduit 206 may be shaped and
configured to be located proximate to one or more active or passive
heating elements, as discussed in further detail below.       [0044]
Furthermore, the thermalizing conduit 206 may include one or more curved
sections or turns, such that the length of the physical space occupied by
the thermalizing conduit 206 is significantly less than the actual length
of the flow path through the thermalizing conduit 206. Stated another way,
a length of the thetmalizing conduit 206 may be longer than a shortest
distance between the inlet 202 and the liquid container 210. In some
embodiments, the length of the thermalizing conduit 206 may be at least
about twice the shortest distance between the inlet 202 and the liquid
container 210, at least about three times the shortest distance between
the inlet 202 and the liquid container 210, or even at least about four
times the shortest distance between the inlet 202 and the liquid container
210. For example, the thermalizing conduit 206 may have a serpentine
configuration, as shown in FIG. 2, that includes a plurality of generally
parallel straight sections connected together in an end-to-end fashion by
curved sections that extend through an angle of 180.       [0045] The
thermalizing conduit 206 may comprise a tube that is at least
substantially comprised of a refractory material such as, for example,
quartz.       [0046] In some embodiments, the source gas may at least
partially decompose within the thermalizing conduit 206. For example, in
embodiments in which the source gas comprises GaC13 and H2, the GaC13 may
decompose in the presence of H2 into gaseous GaC1 and a chlorinated gas
species, such as for example, hydrogen chloride gas (HCI) and / or
chlorine gas (C12)..       [0047] The gases flow from the thermalizing
conduit 206 into the container 210. FIG. 3 is an enlarged, partially
cut-away view of the container 210. As shown in FIG. 3, the container 210
includes a bottom wall 212, a top wall 214, and at least one side wall
216. In the embodiment of FIGS. 2 and 3, the reservoir has a generally
cylindrical shape, such that each of the bottom wall 212 and the top wall
214 has a circular shape and is at least substantially planar, and such
that the side wall 216 is at least substantially cylindrical (e.g.,
tubular). The bottom wall 212, the top wall 214,  12 



and the at least one side wall 216 together define a hollow body, the
interior of which defines a reservoir for holding a liquid reagent, such
as liquid gallium.       [0048] The interior space within the hollow
container 210 may be partially filled with a liquid reagent, such as
liquid gallium, liquid indium, liquid aluminum. For example, the container
210 may be filled with the liquid reagent to the level indicated by the
dashed line 220 in FIG. 3, such that a void or space 222 is present over
the liquid reagent within the container 210. Gases flowing out from the
thermalizing conduit 206 may be injected into the space 222 over the
liquid reagent within the container 210. As a non-limiting example, the
gases flowing out from the thermalizing conduit 206 may flow through the
bottom wall 212 into a tube 224. In some embodiments, the tube 224 may
comprise an integral portion of the thermalizing conduit 206 that extends
into the container 210. The tube 224 may extend through the liquid reagent
disposed within the container 210 to the space 222 over the liquid
reagent. The tube 224 may comprise a ninety degree bend, such that an end
portion of the tube 224 extends horizontally over the liquid reagent. As
shown in FIG. 3, an aperture may be provided through the cylindrical
sidewall of the tube 224 on a side thereof facing the surface of the
liquid reagent, such that gases flowing through the tube 224 will exit the
tube 224 through the aperture 226. The gases exiting the aperture 226 may
be directed out ftom the aperture in a direction oriented toward the
surface of the liquid reagent to promote reaction between one or more
components of the gases and the liquid reagent.       [0049] For example,
in embodiments in which the source gas comprises GaC13 and a carrier gas,
such as H2 and the source gas has decomposed to include gaseous Gad 1 and
a chlorinated gas species, within the thermalizing conduit 206, the liquid
reagent within the container 210 may comprise liquid gallium, which may
react with the chlorinated gas species (e.g., HCl) generated within the
thermalizing conduit 206 to form additional gaseous Gad. Alternatively,
the liquid reagent within the container 210 may comprise liquid indium,
liquid aluminum which may respectively react with the chlorinated gas
species (e.g., HC1) to form InCl, Aid. The gases within the space 222 over
the liquid reagent within the container 210 may flow out from the
container through an outlet port 228. For example, the outlet port 228 may
be located in the top wall 214 of the container 210 over the horizontally
extending portion of the tube 224. The outlet port 228 may lead to an
outlet conduit 230, and end of which may define the outlet 204 of the gas
injector 200.  13       [0050] The various components of the container
210y be at least substantially comprised of a refractory material such as,
for example, quartz.       [0051] The Gad 1 may be a desirable precursor
gas for forming GaN. Thus, by converting the excess chlorinated gas that
results from thermal decomposition of GaCI3 (in systems that employ GaC13
as a source gas) into additional GaC1, detrimental effects of excess
chlorinated gas species to the deposited GaN material may be avoided,
since the amount of chlorinated gas species introduced to the workpiece
substrate 112 (FIG. 1) may be reduced. Such detrimental effects may
include, for example, incorporation of chlorine atoms into the gallium
nitride crystal lattice and cracking or delamination of deposited GaN
film. In addition, detrimental effects may include, for example, forming
excess hydrogen chloride gas (HC1). The hydrogen chloride may act as an
etchant to a deposited III-nitride layer within deposition system 100
thereby reducing the growth rate or even preventing deposition of the
III-nitride. Furthermore, by reacting the excess chlorinated species with
the liquid gallium to form additional Gad, the efficiency of the
deposition system 100 may be improved. 



100521 FIG. 4 illustrates another embodiment of a thermalizing gas
injector 300 that includes the gas injector 200 of FIG. 2, as well as
active and passive heating components for heating at least the
thermalizing conduit 206 and the container 210 of the gas injector 200. In
other words, at least one heating element may be disposed proximate at
least one of the thermalizing conduit 206 and the container 210 to heat at
least one of the thermalizing conduit 206 and the container 210 of the gas
injector 200.       [0053] As shown in FIG. 4, the thermalizing gas
injector 300 includes a cylindrical passive heating element 302 that is
disposed within a generally cylindrical space that is surrounded by the
thermalizing conduit 206 of the gas injector 200.       [0054] The passive
heating element 302 may be at least substantially comprised of materials
with high emissivity values (close to unity) (black body materials) that
are also capable of withstanding the high temperature, corrosive
environments that may be encountered within the deposition system 100.
Such materials may include, for example, aluminum nitride (AIN), silicon
carbide (SiC), and boron carbide (134C), which have emissivity values of
0.98, 0.92, and 0.92, respectively.  14       [0055] The passive heating
element 302 may be solid or hollow. In some embodiments, the passive
heating element 302 may be hollow, and a thermocouple may be positioned
within the interior space of the passive heating element for temperature
monitoring and control purposes. In additional embodiments, a cylindrical
thermocouple may be positioned around the passive heating element 203 and
between the passive heating element 302 and the surrounding thermalizing
conduit 206.       [0056] In additional embodiments, hollow cylindrical
passive heating elements may be disposed over and around one or more
straight sections of the thermalizing conduit 206. In such embodiments, a
cylindrical thermocouple may be positioned between the hollow cylindrical
passive heating elements and the sections of the thermalizing conduit 206
surrounded by the hollow cylindrical passive heating elements.
[0057] The thermalizing gas injector 300 also may include an active
heating element 304. The active heating element 304 may at least partially
surround each of the thermalizing conduit 206 and the container 210 of the
gas injector 200. In some embodiments, the active heating element 304 may
be generally cylindrical and may extend entirely around at least a portion
of each of the thermalizing conduit 206 and the container 210, as shown in
FIG. 4. The active heating element 304 may comprise, for example, at least
one of a resistive heating element, an inductive heating element, and a
radiant heating element. An insulating jacket 306 may at least
substantially surround the gas injector 200, the passive heating element
302, and the active heating element 304, as shown in FIG. 4, so as to
improve the efficiency of the heating process by which the active heating
element 304 and the passive heating element 302 heat the thermalizing
conduit 206 (or at least the gas or gases contained therein) and the
container 310 (or at least the liquid reagent and gas or gases contained
therein). 



[0058] The active and passive heating elements of the thermalizing gas
injector 300 may be capable of heating the thermalizing conduit 206, the
container 210 and the source gas to temperatures between about 500C and
about 1,000C.       [0059] FIG. 5 illustrates another embodiment of a gas
injector 400 of the invention. The gas injector 400 of FIG. 5 is similar
to the gas injector 200 of FIG. 2, and includes an inlet 202, and outlet
204, a thermalizing conduit 406, and a container 210. The container 210
may be as described in relation to FIGS. 2 and 3. The thermalizing conduit
406 is substantially similar to the  15 thermalizing conduit 206 of FIG.
2, except that the thermalizing conduit 406 extends along a spiral path
(Le., has a spiral configuration), instead of having a serpentine
configuration, as does the thermalizing conduit 206 of FIG. 2.
[0060] As shown in FIG. 5, embodiments of the invention may also include
an outer housing 450. The outer housing 450 may be configured to enclose
and protect at least the thermalizing conduit 406 and the container 210 of
the gas injector 400. The outer housing 450 may also serve as an
additional gas-conducting conduit that may be used, for example, to convey
purge gases (e.g., purge gases). For example, the outer housing 450 may
include an inlet port 452 and an outlet port 454, such that a gas may flow
through the outer housing 450 between the inlet port 452 and the outlet
port 454. In additional embodiments of the invention, an outer housing 450
may be provided on the gas injector 200 of FIG. 2, the gas injector 300 of
FIG. 4, or any other gas injector described herein below.       [0061]
With continued reference to FIG. 5, in operation, a source gas, such as
GaC13 and H2, enters the gas injector 400 through the inlet 202 with an
incoming flow rate of less than 100 cubic centimeters per minute (sccm),
less than 50 sccm, or even less than 10 sccm. The flow rate, however, may
be as greater than 20 standard liters per minute (SLM), such as, for
example, greater than or equal to 30 SLM. The gaseous precursors, such as
Gad, exit the gas injector 400 through the outlet 204 at temperatures
between about 500C and about 1,000C. A purge gas, such as nitrogen gas or
a mixture of nitrogen gas and hydrogen gas (H2), enters the outer housing
450 through inlet port 452 with an incoming flow rate of approximately one
to five SLM, and maintains an overpressure in at least the interior of the
outer housing 450. The purge gas exits the outer housing 450 through the
outlet port 454. The purge gas may also be heated as it passes through the
outer housing 450.       [0062] FIG. 6 illustrates another embodiment of a
thermalizing gas injector 500 that includes a gas injector substantially
similar to the gas injector 400 of FIG. 5, but without the outer housing
454. Thus, the gas injector 500 includes a thermalizing conduit 406 and a
container 210, as previously described herein. The gas injector 500
further includes as inlet 202 and an outlet 204. The thermalizing gas
injector of FIG. 5 further includes active and passive heating elements
like those previously described in relation to the gas injector 300 of
FIG. 4. In particular, the gas injector 400 of FIG. 5 includes the
previously described cylindrical passive heating element 302,  



16 which is disposed within a generally cylindrical space that is
surrounded by the spiral thermalizing conduit 406 of the gas injector 500.
The thermalizing gas injector 500 also may include an active heating
element 304 and an insulating jacket 306, as previously described in
relation to FIG. 4. As previously discussed, the active and passive
heating elements of the thermalinng gas injector 500 may be capable of
heating the thermalizing conduit 406, the container 210 and the source gas
to temperatures between about 500C and about 1,000C.         [0063] FIG. 7
illustrates an example of a gas injector 500 that may be used to inject
dopant precursors onto the workpiece substrate 112. The gas injector 500
includes an inlet 202, an outlet 204, and a container 210 as previously
described in relation to FIGS. 2 and 3. A generally straight conduit 502
may extend from the inlet 202 to the container 210 (in place of the
thermalizing conduit 206 of FIGS. 2 and 3). The container 210 may be
configured to hold a liquid metal reagent therein, such as, for example,
liquid aluminum, liquid indium. In some embodiments of the invention the
container 210 may be configured to hold one or more solid materials, such
as, for example iron, silicon or magnesium, etc.         [0064] The gas
injector 500 also may include active and/or passive heating elements, such
as, for example, the active heating element 304 and the insulating jacket
306 previously described in relation to the gas injector 300 of FIG. 4.
The active and/or passive heating elements may be used to heat the
container 210 (or at least the liquid contained therein) to temperatures
sufficient to maintain the metal within the container 210 in the liquid
state.         [0065] A source gas, such as gaseous hydrogen chloride,
chlorine or gaseous GaCI may be supplied from an external gas source to
the inlet 202. The source gas may flow from the inlet 202 through the
conduit 502 to the container 210, where the source gas may react with the
metal reagent within the container to form a precursor gas (e.g., InCl,
MCI, FeCl, etc.). The precursor gas may flow out from the container 210
through the outlet 204.         [0066] The flow rate of the gases through
the gas injector 500 relative to the flow rates of the other gas injectors
of the deposition system 100 may be selectively controlled so as to
control the concentration of the elements deposited from the dopant
precursor in the resulting III-V semiconductor material.         [0067] As
described above, embodiments of thermalizing gas injectors of the
invention may be used to inject gaseous group III element precursors and
group V element precursors on to  



17 the workpiece substrate 112 for depositing III-V semiconductor
materials using an S-ALD process. For example, in some embodiments, the
thermalizing gas injectors of the invention may be used to convert GaC13
into gaseous Gad! by thermal decomposition of GaC13 in the presence of
hydrogen, and by reaction of a chlorinated species (e.g., HCl, C12)
resulting from such thermal decomposition of GaC13 with liquid gallium,
and to inject Gad 1 onto the workpiece substrate 112 for the deposition of
GaN in an ALD process.       100681 FIGS. 8A through 8D illustrate
examples of configurations of conduits 116 and gas injectors 102 that may
be used to generate the group ifi element precursors from sources gases
supplied externally by the gas sources 114A, 114B, 114C, 114D (FIG. 1), as
indicated by directional arrows 107. For example, the group III element
precursor may be generated from a gas including one or more group III
elements and one or more carrier gases, or by passing a gas, such as
hydrogen chloride (HCI) vapor, over a heated group III element (i.e.,
liquid gallium, liquid aluminum, liquid indium, etc.) to form a group III
precursor gas, such as Gad, AlC1 or InCI, as described with respect to
FIGS. 3 and 7. By forming the precursor gases as described with respect to
FIGS. 8A through 8D, a concentration of the precursor gases may be
tailored for forming a III-V semiconductor material having a desired
composition. In some embodiments, the conduits 116 may include a plurality
of branches 126A, 126B, 126C for carrying different precursors to and from
the injectors 102. The branches 126A, 126B, 126C of the conduits 116 may
converge forming a single gas stream, as indicated by directional arrows
109, which may be supplied to the gas columns 108 (FIG. 1).       [0069]
As shown in FIG. 8A, a precursor mixture including Gad]. and at least one
of InC1 and AICI may be formed using the injectors 102. For example, GaC13
may be converted to GaCI and a chlorinate,' gas in a first branch 126A of
cent-brit 116 and InC13 or AlC13 may be respectively converted to InCI or
AlC1 in a second branch 126B of the conduit 116. In embodiments in which
the precursor mixture includes Gael and InCl, the precursor mixture may be
used in forming one or more of InGaN, InGaAs and InGaP on the workpiece
substrate 112 (FIG. 1). In embodiments in which the precursor mixture
includes Gad 1 and A1C1, the precursor mixture may be used in forming one
or more of AlGaN, AlGaAs, AlGaP on the workpiece substrate 112 (FIG. 1).
18 over a heated group III element source (e.g., an indium source or an
aluminum source) using a gas injector 102, such as that described with
respect to FIGS. 3 and 7. As a non-limiting example, GaC13 may be passed
over a heated indium source to form the inCland GaCI, over a heated
aluminum source to form the AlCland GaC1, or over a heated iron source to
form the FeCland Gad. Additional GaC1 precursor may be formed by passing
at least one of hydrogen chloride and chlorine gas over a gallium source.
[0071] In a first branch 126A of the conduit 116, GaC1 and at least one of
hydrogen chloride and chlorine gas may be generated from one or more of
GaC13 and H2 using an injector 102 such as that described with respect to
FIGS. 3 and 7. In a second branch 126B of the conduit 116, additional GaC1
or an additional group DI element precursor may be generated by the
injector 102. In embodiments in which additional GaC1 is generated, a
chlorinated gas generated from at least one of GaCI3, hydrogen chloride or
hydrogen gas may be reacted with gallium to form additional GaCI. In
embodiments in which the additional group III element precursor is formed,
Gad, hydrogen chloride or chlorine generated from the GaCI3 may be reacted
with at least one of indium, aluminum or iron to form the additional group
Ill element precursor (i.e., InCI, AIC1 or Fed). The first branch 



126A and the second branch 126B of the conduit 116 converge, resulting in
mixing of the gases.       [0072] In some embodiments, additional gases
that may be used for doping the III-V semiconductor materials may be added
to the conduits 116. As shown in FIG. 8C, GaCI3 supplied to a first branch
126A of conduit 116 may be mixed with a dopant gas supplied to a second
branch 126B of the conduit 116. Suitable dopant gases include, but are not
limited to, iron-containing gases, dichlorosilane (H2SiC12), silane (SiH4)
and silicon tetrachloride (SiCl2). Optionally, a third branch 126C of
conduit 116 may be used to generate an additional group III element
precursor or additional Gad, as described with respect to FIG. 8B.
[0073] In additional embodiments shown in FIG. 8D, a conduit 116 may
include branches 126A, 126B, and 126C and one of GaCI3, InCI3 and AlC13
may be supplied in at least two of the branches 126A, 126B, 126C to form a
gas comprising a mixture of at least two of GaCI3, InC13 and AlC13. The
combination of at least two of GaC13, InCI3 and AlC13 may be used to form
a ternary group III compounds, such as, for example, InGaN or AlGaN, and
quarternaw group III compounds, such as, for example, AlInGaN.  19
[0074] The deposition system 100 described with respect to FIG. I may be
employed in a method of forming the III-V semiconductor material by S-ALD.
For example, the method may employ a plurality of ALD growth cycles 122,
124 for forming the III-V semiconductor material, each of the ALD growth
cycles including exposing the workpiece substrate 112 to at least one
group III precursor and at least one group V precursor. Excess precursor
and purge gas may be removed by the gas columns 108 connected to the
exhaust line 120 to prevent mixing of the at least one group HI precursor
and the at least one group V precursor. Each ALD growth cycle 122, 124
may, therefore, form a layer of a specific 111-V semiconductor material.
Any number of ALD growth cycles may be performed using the deposition
system 100 to form a desired thickness of the specific III-V semiconductor
material or to form a plurality of layers of different III-V semiconductor
materials. The precursors supplied to the workpiece substrate 112 during
each of the growth cycles may be tailored to form the desiredsemiconductor
material or the desired plurality of layers of different III-V
semiconductor materials on the workpiece substrate 112. For example, the
method may be used to form a plurality of layers including III-V
semiconductor materials having different compositions useful in device
layers, such as those of LEDs. 



[0075] At least one of the assembly 106 and the manifold 104 is configured
to establish movement of the workpiece substrate 112 relative to the
manifold 104. The workpiece substrate 112 may be positioned on the
assembly 106 and moved relative to the manifold 104 through a series of
injection positions along the length of the manifold 104 (Le., positions
underlying each of the longitudinally aligned gas injectors 102A, 102B,
102C, 102D). At each of the injection positions, the workpiece substrate
112 may be exposed to the at least one group III element precursor or the
at least one group V element precursor by the overlying gas injector 102A,
102B, 102C, 102D such that a layer of a group ifi material, a group V
material or a group III-V compound material is deposited on the wmkpiece
substrate 112. The gas injectors 102A, 102B,  102C, 102D may be programmed
to control the precursor flow rate and composition to form the desired
III-V semiconductor material.       [00761 The group HI element precursor
may be formed from a group HI element source using embodiments of the
thermalizing gas injectors of the invention, which were previously
described. In some embodiments, at least one of GaC13, InC13 and AlC13 and
one or more carrier gases, such as, 142, N2 and Ar may be thermalized
using the gas injectors 102A, 102B, 102C, 102D to form the group III
element precursor (i.e., Gad, InCI and A1C1). In other embodiments, the
20 group III element source including a mixture of gases, such as GaC13,
InC13 and AlC13, may be used to form ternary and quaternarysemiconductor
materials, such as InGaN, InGaAs, InGaP, AlGaN, AlGaAs and AlGaP. For
example, the mixture of gases may be formed prior to entry into the gas
injectors 102A, 102B, 102C, 102D, as described with respect to FIGS. 8A
through 8D. 



Such mixtures may be used to form ternary and quaternarysemiconductor
materials on the workpiece substrate 112. For example, a mixture of GaC13
and InC13 may be supplied to one or more of the gas injectors 102A, 102B,
102C, 102D for forming InGaN, InGaAs or InGaP on the workpiece substrate
112 or a mixture of GaC13 and AlCb may be supplied to the gas injectors
102A, 102B, 102C, 102D for forming AlGaN, AlGaAs or AlGaP on the workpiece
substrate 112. A ratio of the gases in the mixture may be adjusted to form
thesemiconductor material having a desired composition.       [0077] The
group V element precursor may be formed by thennalizing a group V element
source or by other techniques known in the art (e.g., plasma generation
techniques). For example, at least one of ammonia (NH3), arsine (AsH3) and
phosphine (PH3) may be thermalized to form the group V element precursor.
100781 In some embodiments of the invention, one or more of the gas
injectors 102A, 102B, 102C, 102D may be used to generate a group III
element precursor, such as Gad, InC1 or AIC1, and to expose a major
surface of the workpiece substrate 112 to the group III element precursor.
In additional embodiments of the invention, one or more of the gas
injectors 102A, 102B, 102C, 102D may be used to generate different group
III element precursors that may be used to form group III nitride compound
materials that include two or more different group III elements such as,
for example, InGaN, AlGaN, InAlGaN, etc. By way of example and not
limitation, first and third gas injectors 102A, 102C may be used to supply
one or more of GaC1 (by converting GaC13 into gaseous GaC1 by thermal
decomposition of GaC13, and by reaction of chlorinated species resulting
from such thermal decomposition of GaC13 with liquid gallium), InCI (by
converting InC13 into gaseous InC1 by thermal decomposition of InC13, and
by reaction of chlorinated species resulting from such thermal
decomposition of InCb with liquid indium) and AIC1 (by converting AlC13
into gaseous AlC1 by thermal decomposition of AlC13, and by reaction of
chlorinated species resulting from such thermal decomposition of InC13
with liquid indium), and second and fourth gas injectors 102B, 102D may be
used to supply gaseous ammonia (NH3), gaseous arsine (AsH3), or gaseous
phosphine (PH3). Each gas injector 102A, 102B, 102C, 102D may introduce a
sufficient  21 



amount of precursor gas to the workpiece substrate 112 to deposit a layer
of material on the workpiece substrate 112. The deposition system 100 may
include any number of gas injectors 102A, 102B, 102C, 102D for depositing
the desired thickness of the DIN semiconductor material or the plurality
of layers of different III-V semiconductor materials on the workpiece
substrate 112. In addition, the workpiece substrate 112 may be passed
through the deposition system 100 any number of times to obtain a
desirable thickness of the III-V semiconductor material or the plurality
of layers of different III-V semiconductor materials.      [0079] In yet
additional embodiments of the invention, at least one of the gas injectors
102A, 102B, 102C, 102D may be used to generate a dopant precursor (e.g.,
iron chloride (Fed) or a vapor phase species comprising silicon (Si)) that
may be used to introduce a dopant (e.g., iron atoms or ions or silicon
atoms or ions) to the III-V semiconductor material. During the deposition
process, the dopant precursor may decompose and/or react with another
substance in such a manner as to result in the dopant being incorporated
into the III-V semiconductor material being deposited. In such
embodiments, it may not be necessary to thermally decompose the dopant
precursor in the gas injector used to inject the dopant precursor.
[0080] By way of non-limiting example, each of the ALD growth cycles 122,
124 may be used to form a layer of the III-V semiconductor material having
a desired composition or a plurality of layers of III-V semiconductor
material, each having a different composition. A first ALD growth cycle
122 may be performed to deposit a first layer of III-V semiconductor
material. As the workpiece substrate 112 moves along the length of the
manifold 104 through a first ALD growth cycle 122, the workpiece substrate
112 may be positioned under the gas column 108 in communication with the
first injector 102A. The first injector 102A may supply the group III
element precursor to the workpiece substrate 112 through the corresponding
gas column 108 and the group III element may be absorbed on the surface of
the workpiece substrate 112.      [0081] Excess gases or group III element
precursor may be removed from the workpiece substrate 112 by pumping the
gases from the surface of the workpiece substrate 112 through the gas
columns 108 connected to the exhaust line 120. A purging act may also be
performed between pumping acts by exposing the surface of the workpiece
substrate 112 to the purge gas.      [0082] The workpiece substrate 112
may then be moved relative to the manifold 104 to a position under the
second injector 102B. The workpiece substrate 112 may be exposed to the
group  22 V element precursor supplied by the second injector 102B. The
second injector 102B may introduce a sufficient amount of the group V
element precursor to the workpiece substrate 112 that the group V element
reacts with the group III element deposited on the surface of the
workpiece substrate 112 by the first injector 102A to form the first layer
of III-V semiconductor material. Excess gases or group V element precursor
may be removed from the workpiece substrate 112 by pumping and purging, as
previously described. The ALD growth cycle 122 may be repeated any number
of times to increase a thickness of the first layer of III-V semiconductor
material.       [0083] Another ALD growth cycle 124 may be performed to
deposit a second layer of 1111-V semiconductor material having a
composition different from that of the first layer of 111-V semiconductor
material. As the workpiece substrate 112 is moved relative to the manifold
104 through the second ALD growth cycle 124, the workpiece substrate 112
may be positioned under the third injector 102C. The third injector 102C
may introduce the group III element precursor to the workpiece substrate
112 and the group III element may be absorbed on the surface of the
workpiece substrate 112. 



[0084] Excess gases or precursor may be removed from the workpiece
substrate 112 by pumping and purging, as previously described.
100851 After removing the excess gases, the workpiece substrate 112 may be
moved relative to the manifold 104 to a position under the fourth injector
102D. The fourth injector 102D may introduce the group V element precursor
to the workpiece substrate 112 and the group V element may react with the
group III element deposited on the surface of the workpiece substrate 112
to form the second layer of Ill-V semiconductor material. The ALD growth
cycle 124 may be repeated any number of times to increase a thickness of
the second layer of 111-V semiconductor material.       [0086] The
thickness of the layer of 111-V semiconductor material formed in one of
the ALD growth cycles 122, 124 may depend on the precursors used and the
speed of relative movement of the workpiece substrate 112 along the length
of the manifold 104. My number of ALD growth cycles 122, 124 may be
performed to deposit a desired thickness of the III-V semiconductor
material or to form layers of the 11I-V semiconductor materials having
different compositions. The types of precursors introduced to the
workpiece substrate 112 by the gas injectors 102A, 102B, 102C, 102D may be
tailored to form the desired 1.11-V semiconductor  23 material or the
desired plurality of layers ofsemiconductor materials. In embodiments
where a structure including a plurality of layers ofsemiconductor
materials is formed, the desired thickness of a specific III-V
semiconductor material may be formed on the workpiece substrate 112 by
performing one or more first ALD growth cycles 122 and, thereafter, one or
more second ALD growth cycles 124 may be performed to form a desired
thickness of another, different semiconductor material. The ALD growth
cycles 122,124 may be tailored to control the thickness and composition of
each layer ofthe semiconductor material deposited using the deposition 



system 100.       100871 Relative movement of the workpiece substrate 112
and the manifold 104 enables continuous, sequential exposure of the
workpiece substrate 112 to different precursors without loading and
unloading the workpiece substrate 112 from a reaction chamber between ALD
growth cycles, as with conventional CVD systems, temperature ramps,
cleaning, pump down, etc. The speed of the relative movement of the
workpiece substrate 112 with respect to the manifold 104 may be varied
according to a reaction time of the precursors, providing a high growth
rate of the     semiconductor materials. The thickness and composition of
each of thesemiconductor materials deposited may be determined by a number
of injection positions (i.e., positions under each of the gas columns 108
corresponding to the gas injectors 102A, 102B, 102C, 102D) in the
deposition system 100 and the type of precursors introduced to the
workpiece substrate 112 at each of these injection positions. Thus, the
deposition system 100 enables accurate control of the thickness and the
composition of each of thesemiconductor materials. The deposition system
100 may be configured to deposit any combination ofsemiconductor material
layers, each having a desired thickness and composition. The deposition
system 100, and related methods, further provide substantially increased
throughput of 111-V semiconductor materials in comparison to conventional
deposition systems and methods, thus reducing fabrication costs. The
deposition system 100 further enables fabrication of structures including
multiple layers of semiconductor materials, such as those used in
III-nitride based devices, such as Laser Diode, LEDs , high frequency and
power diodes.       [00881 The following example serves to explain an
embodiment of the present invention in more detail. This example is not to
be construed as being exhaustive or exclusive as to the scope of this
invention. 



24       [0089] FIG. 9 is a top down view of a deposition system 100 like
that shown in FIG. 1 and illustrates use of the deposition system 100 in
methods of forming structures including multiple layers of different III-V
semiconductor materials, in particular, a multi-quantum well LED
structure. The deposition system 100 may be used to deposit GaN, InN, AIN
and III-nitride alloys. The workpiece substrate 112 may comprise a
template structure, such as n-type GaN material on a sapphire substrate.
The GaN material has a thickness in a range of from about 1 pm to about 20
pm and may be electrically doped with silicon to produce n-type material.
The deposition system 100 may be used to form a plurality of active layers
(not shown) upon the GaN layer of the workpiece substrate 112. For
example, the active layers may form the basis of a device structure which
may comprise an LED. In additional embodiments, the active layers may be
composed and configured to form a laser diode, a transistor, a solar cell,
a MEMS, etc.       [0090] The deposition system 100 may be maintained at a
temperature in a range of from about 350C to about 750C and a pressure in
range of from about 1000 mTorr to about 7600 mTorr. As a non-limiting
example, gas sources may be supplied at a flow rate in a range of from
about 1 sccm to about 100 sccm.       100911 In some embodiments, the
deposition system 100 may include a plurality of deposition zones 130A,
130B, 130C, 130D, 130E, 130F, each of which is used to form a structure
including a plurality of layers on the workpiece substrate 112, each of
the layers comprising a III-V semiconductor material having a specific
composition. For example, the structure may be an LED device layer
structure. In embodiments in which a structure including alternating
layers of InGaN and GaN underlying a layer of doped p-type AlGaN and a
layer of doped p-type GaN is formed, the deposition system 100 may include
first and third deposition zones 130A, 130C for depositing a InGaN
material, second and fourth deposition zones 130B, 130D for depositing a
GaN material, a fifth deposition zone 130E for depositing a doped p-type
AlGaN material and a sixth deposition zone 130F for depositing a doped
p-type GaN material. As the workpiece substrate 112 is moved through the
zones 130A, 130B, 130C, 130D, 130E, 130F of the deposition system 100,
alternating exposures of an appropriate group III precursor and a nitrogen
precursor may be introduced to the workpiece substrate 112 to form the
desired III-V semiconductor material.       [00921 In some embodiments, a
thickness of 1 nm of the desired III-V semiconductor material may be
deposited every one (1) meter of the manifold 104. In embodiments in which
the  25 



assembly 106 comprises a track or conveyor used to move the workpiece
substrate 112 along a length of the manifold 104, the track may have a
length of about 100 meters to move the workpiece substrate 112 under a
sufficient number of gas injectors 102A, 102B, 102C, 102D to form a III-V
semiconductor material, such as an LED device layer structure, having a
thickness of 100 nm The deposition system 100 may be arranged in a variety
of configurations depending on available space. In embodiments where the
deposition system has a processing rate of about 1000 wafers per hour, the
aboutl 00 square meters (m2) and assuming a deliver rate of device layer
structures of 1000 wafer per hour. This corresponds to an area per
effective cycle time per wafer of about 0.1 m2 per wafer per hour, which
is a substantial improvement over processing rates for conventional CVD
reactors. [0093] Additional non-limiting example embodiments of the
invention are described below.       100941 Embodiment 1: A method of
depositing a semiconductor material, the method comprising: flowing a
group III element precursor through a first gas column of a plurality of
substantially aligned gas columns; flowing a group V element precursor
through a second gas column of the plurality of substantially aligned gas
columns; establishing movement of a substrate relative to the plurality of
substantially aligned gas columns; and sequentially exposing a surface of
the substrate to the group III element precursor and the group V element
precursor to form a III-V semiconductor material.       [0095] Embodiment
2: The method of claim 1, further comprising decomposing a gas comprising
at least one group III element to generate the group III element
precursor.       [0096] Embodiment 3: The method of Embodiment 2, wherein
decomposing a gas comprising at least one group III element to generate
the group LTI element precursor comprises decomposing at least one of
GaC13, InC13, and AlC13 to form at least one of GaC1, InCI, and A1C1 and
chlorine.       [0097] Embodiment 4: The method of Embodiment 3, wherein
decomposing at least one of GaC13, InC13, and AlC13 to form at least one
of Gad, InCl, and MCI and chlorine comprises decomposing GaC13 to form
GaC1 and chlorine.  26 



[0098] Embodiment 5: The method of Embodiment 2 or Embodiment 3, further
comprising reacting the chlorine with liquid gallium to form additional
GaCl.       [0099] Embodiment 6: The method of any one of Embodiments 1
through 5, further comprising increasing a thickness of the III-V
semiconductor material by repeatedly exposing the surface of the substrate
to the group III element precursor and the group V element precursor.
[00100] Embodiment 7: The method of any one of Embodiments 1 through 6,
further comprising: flowing an purge gas through a third gas column
disposed between the first gas column and the second gas column; and
exposing the substrate to the purge gas to remove excess group III element
precursor and excess group V element precursor from the surface of the
substrate.       [00101] Embodiment 8: The method of any one of
Embodiments I through 7, wherein sequentially exposing a surface of the
substrate to the group III element precursor and the group V element
precursor comprises: exposing the surface of the substrate to at least one
of &XL InCl, and MCI to absorb at least one of gallium, indium, and
aluminum to the surface of the substrate; and exposing the at least one of
gallium, indium, and aluminum absorbed on the surface of the substrate to
at least one of nitrogen, arsenic, and phosphorous.       [00102]
Embodiment 9: The method of any one of Embodiments 1 through 8, wherein
sequentially exposing a surface of the substrate to the group III element
precursor and the group V element precursor to form a III-V semiconductor
material comprises forming at least one of gallium nitride, indium
nitride, aluminum nitride, indium gallium nitride, indium gallium
arsenide, indium gallium phosphide, aluminum galluim nitride, aluminum
gallium arsenide, and aluminum gallium phosphide.       [00103] Embodiment
10: The method of any one of Embodiments 1 through 9, wherein sequentially
exposing a surface of the substrate to the group III element precursor and
the group V element precursor to form a III-V semiconductor material
comprises forming the III-V semiconductor material having a thickness of
about 100 nm.       [00104] Embodiment 11: The method of any one of
Embodiments 1 through 10, further comprising sequentially exposing a
surface of the substrate to another group III element precursor and
another group V element precursor to form another III-V semiconductor
material over the III-V  27 



semiconductor material, the another III-V semiconductor material having a
different composition than the III-V semiconductor material.       1001051
Embodiment 12: A method of depositing a semiconductor material,
comprising: thermally decomposing at least one source gas within a
thermalizing gas injector to form a group III element precursor; directing
the group Ill element precursor toward a surface of a substrate through at
least one gas column to absorb the at least one group III element on a
surface of the substrate; directing a group V element precursor toward the
surface of the substrate through at least another gas column substantially
aligned with the at least one gas column to form a IH-V semiconductor
material.       1001061 Embodiment 13: The method of Embodiment 12,
further comprising establishing movement of the substrate relative to the
at least one gas column and the at least another gas column.       [00107]
Embodiment 14: The method of Embodiment 13, wherein establishing movement
of the substrate relative to the at least one gas column and the at least
another gas column comprises establishing movement of the substrate
relative to the at least one gas column and the at least another gas
column of a plurality of gas columns.       1001081 Embodiment 15: The
method of any one of Embodiments 12 through 14, wherein thermally
decomposing at least one source gas within a thermalizing injector to form
a group III element precursor comprises thermally decomposing least one of
GaCI3, InC13, and A1C13 within the thermalizing gas injector to form at
least one of Gad, InCI, and AlC1 and chlorine gas.       [00109]
Embodiment 16: The method of Embodiment 15, further comprising reacting
the chlorine gas with at least one of liquid gallium, liquid induim, and
liquid aluminum within the thermalizing gas injector to form at least one
of additional GaC1, ICI, and AIC1.       [001101 Embodiment 17: The method
of Embodiment 15 or Embodiment 16, further comprising reacting the Gad 1
with at least one of liquid induim, liquid aluminum and liquid iron within
the thermalizing gas injector to form at least one of InGaClx, AlGaClx,
and FeGaClx.       [00111] Embodiment 18: The method of any one of
Embodiments 12 through 17, wherein directing the group III element
precursor toward a surface of a substrate through at least one gas column
to absorb the at least one group 111 element on a surface of the substrate
comprises directing  



28 at least one of Gad, InCI, and AIC1 toward a surface of a substrate
through the at least one gas column to absorb at least one of gallium,
indium, and aluminum on the surface of the substrate.       [00112]
Embodiment 19: The method of any one of Embodiment 18, wherein directing
at least one of GaC1, InCl, and AlC1 toward a surface of a substrate
comprises exposing the substrate to GaCI.       [00113] Embodiment 20: The
method of any one of Embodiments 12 through 19, wherein directing a group
V element precursor toward the surface of the substrate through at least
another gas column comprises directing at least one of nitrogen, arsenic,
and phosphorous toward the surface of the substrate through the at least
another gas column.       [00114] Embodiment 21: The method of any one of
Embodiments 12 through 20, further comprising thermalizing at least one of
ammonia, arsine, and phosphine to generate the group V element precursor.
[00115] Embodiment 22: The method of any one of Embodiments 12 through 21,
further comprising exposing the surface of the substrate to at least one
purge gas to remove at least one of the group III element precursor and
the group V element precursor from the surface of the substrate.
[00116] Embodiment 23: A deposition system, comprising: a manifold
comprising a plurality of substantially aligned gas columns configured to
direct one or more gases, at least one of the substantially aligned gas
columns configured to receive a group III precursor gas from a
thermalizing gas injector comprising: an inlet; a thermalizing conduit; a
liquid container configured to hold a liquid reagent therein; an outlet;
and a pathway extending from the inlet, through the thermalizing conduit
to an interior space within the liquid container, and from the interior
space within the liquid container to the outlet; and at least one assembly
for moving a substrate relative to the manifold.       [00117] Embodiment
24: The deposition system of Embodiment 23, wherein the thermalizing
conduit has a length greater than a shortest distance between the inlet
and the liquid container.       [00118] Embodiment 25- The deposition
system of Embodiment 23 or Embodiment 24, further comprising at least one
liquid group 111 element within the liquid container. 



29       [00119] Embodiment 26: The deposition system of Embodiment 25,
wherein the at least one liquid group III element comprises at least one
of liquid gallium, liquid indium, and liquid aluminum. [00120] Embodiment
27: The deposition system of any one of Embodiments 23 through  26,
wherein at least one of the thermalizing conduit and the liquid container
is at least substantially comprised of quartz. [00121] Embodiment 28: The
deposition system of any one of Embodiments 23 through  27, further
comprising at least one heating element disposed proximate at least one of
the thertnalizing conduit and the liquid container.       [00122]
Embodiment 29: The deposition system of any one of Embodiments 23 through
27, wherein the at least one heating element comprises a passive heating
element at least substantially comprised of at least one of aluminum
nitride, silicon carbide, and boron carbide.       [00123] Embodiment 30:
The deposition system of any one of Embodiments 23 through 27, further
comprising: at least one gas source; and at least one gas inflow conduit
configured to carry a source gas from the gas source to the inlet of the
at least one thermalizing gas injector. 



[00124] Embodiment 31: The deposition system of Embodiment 30, wherein the
at least one gas source comprises a source of at least one of GaC13,
InC13, and AlC13. [00125] Embodiment 32: The deposition system of any one
of Embodiments 23 through  31, further comprising at least one purge gas
nozzle disposed between each of the gas columns of the plurality. [00126]
Embodiment 33: The deposition system of any one of Embodiments 23 through
32, wherein another gas column adjacent the at least one gas column is
configured to receive at least one purge gas. [00127] Embodiment 34: The
deposition system of any one of Embodiments 23 through  33, wherein the at
least one assembly for moving a substrate relative to the manifold
comprises a track system configured to transport the substrate through a
series of injection positions along the length of the manifold, each
injection position underlying one of the plurality of gas columns.
[00128] The embodiments of the invention described above do not limit the
scope the invention, since these embodiments are merely examples of
embodiments of the invention, which is  



30 defined by the scope of the appended claims and their legal
equivalents. Any equivalent embodiments are intended to be within the
scope of this invention. Indeed, various modifications of the invention,
in addition to those shown and described herein, such as alternate useful
combinations of the elements described, will become apparent to those
skilled in the art from the description. Such modifications are also
intended to fall within the scope of the appended claims.  31 CLAIMS What
is claimed is:       1. A method of depositing a semiconductor material,
comprising: flowing a group III element precursor through a first gas
column of a plurality of substantially aligned gas columns; 



flowing a group V element precursor through a second gas column of the
plurality of substantially aligned gas columns; establishing movement of a
substrate relative to the plurality of substantially aligned gas columns,
and sequentially exposing a surface of the substrate to the group III
element precursor and the group V element precursor to form a III-V
semiconductor material.       2. The method of claim 1, further comprising
decomposing a gas comprising at least one group III element to generate
the group III element precursor.       3. The method of claim 2, wherein
decomposing a gas comprising at least one group III element to generate
the group III element precursor comprises decomposing at least one of
GaC13, InC13, and AlC13 to form at least one of GaC1, InCl, and AlCI and a
chlorinated species.       4. The method of claim 3, wherein decomposing
at least one of GaC13, InC13, and A1C13 to form at least one of GaC1,
InCl, and AIC1 and a chlorinated species comprises decomposing GaCI3 to
form GaC1 and a chlorinated species.       5. The method of claim 4,
further comprising reacting the chlorinated species with liquid gallium to
form additional GaCl.       6. The method of claim 3, wherein the
decomposing at least one of GaC13, InC13, and AlC13 to form at least one
of GaCI, InCl, and AIC1 and a chlorinated species comprises  



32 decomposing at least one of GaC13, InC13, and AlC13 to form at least
one of Gad, InCI, and AlC1 and at least one of hydrogen chloride and
chlorine gas.       7. The method of claim 1, further comprising
increasing a thickness of the III-V semiconductor material by repeatedly
exposing the surface of the substrate to the group III element precursor
and the group V element precursor.       8. The method of claim 1, further
comprising: flowing an purge gas through a third gas column positioned
between the first gas column and the second gas column; and exposing the
substrate to the purge gas to remove excess group III element precursor
and excess group V element precursor from the surface of the substrate.
9. The method of claim 1, wherein sequentially exposing a surface of the
substrate to the group III element precursor and the group V element
precursor comprises:       exposing the surface of the substrate to at
least one of GaC1, InCI, and AlC1 to absorb at least one of gallium,
indium, and aluminum to the surface of the substrate; and       exposing
the at least one of gallium, indium, and aluminum absorbed on the surface
of the substrate to at least one of nitrogen, arsenic, and phosphorous. 



10. The method of claim 1, wherein sequentially exposing a surface of the
substrate to the group III element precursor and the group V element
precursor to form a III-V semiconductor material comprises forming at
least one of gallium nitride, indium nitride, aluminum nitride, indium
gallium nitride, indium gallium arsenide, indium gallium phosphide,
aluminum galluim nitride, aluminum gallium arsenide, aluminum gallium
phosphide, aluminum indium gallium nitride, aluminum indium gallium
arsenide, and aluminum indium gallium phosphide.  33 1 1.The method of
claim 1, wherein sequentially exposing a surface of the substrate to the
group III element precursor and the group V element precursor to form a
III-V semiconductor material comprises forming the III-V semiconductor
material having a thickness of less than about 1000 rim        12. The
method of claim 1, further comprising sequentially exposing a surface of
the substrate to another group III element precursor and another group V
element precursor to form another III-V semiconductor material over the
III-V semiconductor material, the another III-V semiconductor material
having a different composition than the III-V semiconductor material.
13. A deposition system, comprising: a manifold comprising a plurality of
substantially aligned gas columns configured to direct one or more gases,
at least one of the gas columns of the plurality configured to receive a
group III precursor gas from a thermalizing gas injector comprising: an
inlet; 



a thermalizing conduit; a liquid container configured to hold a liquid
reagent therein; an outlet; and a pathway extending from the inlet,
through the thermalizing conduit to an interior space within the liquid
container, and from the interior space within the liquid container to the
outlet; and at least one assembly for moving a substrate relative to the
manifold.       14. The deposition system of claim 13, wherein the
thermalizing conduit has a length greater than a shortest distance between
the inlet and the liquid container.       15. The deposition system of
claim 13, further comprising at least one liquid group III element within
the liquid container, wherein the at least one liquid group III element
comprises at least one of liquid gallium, liquid indium, and liquid
aluminum.  34 



16. The deposition system of claim 13, further comprising at least one
heating element disposed proximate at least one of the thermalizing
conduit and the liquid container.        17. The deposition system of
claim 13, wherein the at least one heating element comprises a passive
heating element at least substantially comprised of at least one of
aluminum nitride, silicon carbide, and boron carbide.        18. The
deposition system of claim 13, further comprising: at least one gas
source; and at least one gas inflow conduit configured to carry a source
gas from the gas source to the inlet of the at least one thermalizing gas
injector.        19. The deposition system of claim 18, wherein the at
least one gas source comprises a source of at least one of GaCI3, InC13,
and A1C13and a purge gas comprising at least one of nitrogen gas and
hydrogen gas.        20. The deposition system of claim 13, wherein
another gas column adjacent the at least one gas column is configured to
receive at least one purge gas. 


