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(57) ABSTRACT

Methods and apparatus for forming gallium nitride and gal-
llum aluminum nitride films, such as gallium nitride and
gallilum aluminum nitride epitaxial layers on a substrate are
provided, including providing a substrate; and exposing the
substrate to gallium vapor and an NH, plasma so as to form a
gallium nitride epitaxial layer on at least a portion of the
substrate.
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METHODS AND APPARATUS FOR MAKING
GALLIUM NITRIDE AND GALLIUM
ALUMINUM NITRIDE THIN FILMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims benefit of U.S. provisional
patent application Ser. No. 61/120,840, filed Dec. 8, 2008,
which 1s herein incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] Embodiments of the present invention are generally
related to the manufacture of electronic devices, and more

particularly to the formation of galltum nitride and gallium
aluminum nitride films on substrates.

[0004] 2. Description of the Related Art

[0005] Group-III mnitride semiconductors are finding
greater importance in the development and fabrication of
short wavelength light emitting diodes (LEDs), laser diodes
(LDs), and electronic devices including high power, high
frequency, and high temperature transistors and integrated
circuits. Several technologies have been developed to grow
Group 1II-V semiconductors, such as metal organic chemical
vapor deposition (MOCVD), molecular beam epitaxy (MBE)
and hydride vapor phase epitaxy (HVPE).

[0006] HVPE processes offers several advantages, such as
high growth rate, simplicity, and low manufacturing cost
compared to other conventional techniques. HVPE processes
tor growing Group I1I-V are generally performed 1n a reactor
having a temperature controlled environment to assure the
stability of a Group III metal used 1n the process. Group 111
metals provided by a Group 111 source, such as a gallium (Ga)
metal source, in the reactor reacts with a halide, such as
hydrogen chloride (HCI) gas, forming Group I1I halide vapor.
A nitrogen containing precursor, such as ammonia (NH,), 1s
subsequently transported by a separate gas line to a reaction
zone 1n the reactor where 1t 1s heated and mixes with the
Group III halide vapor, such as GaCl. A carrier gas 1s used to
carry Group III halide and Group V vapor towards the sub-
strate within the reactor. The mixed Group III halide, such as
GaCl, and mitrogen containing precursor, such as ammonia
(NH,), carried by the carrier gas 1s subsequently eptaxially

grown 1nto a Group III-V layer (GaN) on the substrate sur-
face.

[0007] MOCVD processes are generally performed in a
reactor having a temperature controlled environment to
assure the stability of a first precursor gas which contains at
least one element from Group 111, such as gallium (Ga). A
second precursor gas, such as ammonia (NH,), provides the
nitrogen needed to form a Group IlI-nitride. The two precur-
sor gases are injected 1nto a processing zone within the reactor
where they mix and move towards a heated substrate 1n the
processing zone. A carrier gas may be used to assist 1n the
transport of the precursor gases towards the substrate. The
precursors react at the surface of the heated substrate to form
a Group IlI-nitride layer, such as GaN, on the substrate sur-
face.

[0008] As the demand for LEDs, L.Ds, transistors, and 1nte-
grated circuits increases, the efficiency of depositing the
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Group-III metal mitride takes on greater importance. There-
fore, there 1s a need 1n the art for an 1mproved deposition
methods and apparatus.

SUMMARY OF THE INVENTION

[0009] In some aspects of the invention a method of form-
ing a gallium nitride epitaxial layer on a substrate 1s provided,
including providing a substrate and exposing the substrate to
a mixture of NH; and one or more galllum compounds
selected from the group consisting of gallium sesquichloride
and gallium hydride so as to form the gallium nitride epitaxial
layer on at least a portion of the substrate.

[0010] In some aspects of the invention a method of form-
ing a gallium nitride epitaxial layer on a substrate 1s provided,
including providing a substrate and exposing the substrate to
gallium vapor and an NH; plasma so as to form the gallium
nitride epitaxial layer on at least a portion of the substrate.
[0011] In some aspects of the invention a method of form-
ing a gallium aluminum nitride epitaxial layer on a substrate
1s provided, including providing a substrate and exposing the
substrate to: 1) an aluminum compound selected from the
group consisting of aluminum hydride and aluminum ses-
quichloride, 2) a galllum compound selected from the group
consisting of gallium sesquichloride and gallium hydrnide, and
3) ammonia plasma so as to form a gallium aluminum nitride
epitaxial layer on at least a portion of the substrate.

[0012] In some aspects of the invention a method of clean-
ing a deposition chamber 1s provided, including providing a
deposition chamber having one or more of a gallium nitride
f1lm and a galltum aluminum nitride film; exposing the cham-
ber to a hydrogen plasma whereby a portion of the gallium
nitride or gallium aluminum nitride 1s removed from surfaces
of the chamber; and exhausting the deposition chamber.
[0013] Numerous other aspects are provided 1n accordance
with these and other aspects of the invention. Other features
and aspects of the present invention will become more fully
apparent from the following detailed description, the
appended claims and the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] So that the manner 1 which the above recited fea-
tures of the present invention can be understood 1n detail, a
more particular description of the invention, briefly summa-
rized above, may be had by reference to embodiments, some
of which are 1llustrated 1n the appended drawings. It 1s to be
noted, however, that the appended drawings illustrate only
typical embodiments of this invention and are therefore not to
be considered limiting of its scope, for the invention may
admit to other equally effective embodiments.

[0015] FIG. 1 1s a schematic depiction of an apparatus of
the present invention for forming a gallium nitride film on a
substrate:

[0016] FIG. 2 1s a flow chart depicting a method of the
present invention for forming a galllum nitride film on a
substrate;

[0017] FIG. 3 15 a tlow chart depicting another method of
the present invention for forming a gallium nitride film on a
substrate;

[0018] FIG. 4 1s a flow chart depicting a method of the
present invention for forming a galltum aluminum nitride film
on a substrate; and

[0019] FIG. 5 1s a flow chart depicting a method of the
present invention for cleaning a deposition chamber.
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[0020] To {facilitate understanding, identical reference
numerals have been used, where possible, to designate 1den-
tical elements that are common to the figures. It 1s contem-
plated that elements and features of one embodiment may be
beneficially incorporated in other embodiments without fur-
ther recitation.

DETAILED DESCRIPTION

[0021] The following detailed examples depict one or more
exemplary embodiments of the present invention. Although
in some cases the document may 1mply that the invention may
only be practiced 1n one way, it should be understood that
many alternative embodiments are possible and that the spe-
cific details disclosed herein are merely provided as
examples.

[0022] Thin films of gallium nitride and gallium aluminum
nitride may be useful 1n the manufacture of light emitting
diodes, or LEDs. Prior to the present invention, gallium
nitride films have typically been made by exposing a sub-
strate, typically sapphire, to trimethyl gallium and ammonia
so as to form a layer of gallium mitride. A problem associated
with such prior art methods 1s that the deposition rate of
gallium nitride may be slower than 1s commercially desirable.
[0023] In addition, prior to the present invention, gallium
nitride and galllum aluminum nitride films may typically
have been cleaned from process chamber surfaces and cham-
ber equipment using a Cl, or an HCI plasma. While chlorine
and hydrogen chloride plasmas may be effective to clean the
gallium mitride and gallium aluminum nitride films from the
chamber and equipment, byproducts of the clean may include
relatively high boiling point gallilum chlorides, aluminum
chlorides and ammonium chlornides. Such relatively high
boiling point byproducts may typically require chamber
exhaust conduits and pumps to be heated to temperatures of
about 150° C. to prevent the byproducts from condensing 1n
the conduits and pumps and clogging the same. A chamber
clean which would obviate the need to heat the exhaust con-
duits and pumps to prevent byproduct condensation would be
desirable.

[0024] The present mnvention provides methods and appa-
ratus for making gallium nitride and galllum aluminum
nitride films. These films may be grown epitaxially, or may
simply be deposited on a substrate, and optionally annealed.
For ease of reference, epitaxially grown layers and deposited
layers may be referred to herein simply as deposited or
formed layers, except where doing so would be 1nconsistent
with a description of an apparatus or method. In addition,
methods and apparatus are provided for cleaning process
chambers which have gallium nitride and gallium aluminum
nitride films which need to be removed.

[0025] In one embodiment of the invention, a system 1s
provided for depositing a gallium nitride film onto a substrate.
FIG. 1 1s a schematic diagram of an exemplary film formation
system 100. With reference to FIG. 1, the system 100 may
include a deposition chamber 102 that includes a substrate
support 104 and at least one heating module 106. The sub-
strate support 104 may be adapted to support a substrate 108
during film formation within the chamber 102, and the heat-
ing module 106 may be adapted to heat the substrate 108
during film formation within the deposition chamber 102.
More than one heating module, and/or other heating module
locations may be used. The heating module 106 may include,
for example, a lamp array or any other suitable heating source
and/or element.
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[0026] The system 100 may also include a gallium vapor
source 109, an NH; plasma source 110, a hydrogen plasma
source 111 and an exhaust system 112 coupled to the depo-
sition chamber 102. The system 100 may also include a con-
troller 114 coupled to the deposition chamber 102, the gal-
lium vapor source 109, the NH, plasma source 110, the
hydrogen plasma source 111 and/or the exhaust system 112.
The exhaust system 112 may include any suitable system for
exhausting waste gasses, reaction products, or the like from
the chamber 102, and may include one or more vacuum
pumps.

[0027] The controller 114 may include one or more micro-
processors and/or microcontrollers, dedicated hardware, a
combination the same, etc., that may be employed to control
operation of the deposition chamber 102, the galllum vapor
source 109, the NH, plasma source 110, the hydrogen plasma
source 111 and/or the exhaust system 112. In at least one
embodiment, the controller 114 may be adapted to employ
computer program code for controlling operation of the sys-
tem 100. For example, the controller 114 may perform or
otherwise 1mitiate one or more of the steps of any of the
methods/processes described herein, including methods 200,
300, 400 and 500 of FIGS. 2-5. Any computer program code
that performs and/or 1initiates such steps may be embodied as
a computer program product. Each computer program prod-
uct described herein may be carried by a medium readable by
a computer (e.g., a carrier wave signal, a tloppy disc, a com-
pact disc, a DVD, a hard drive, a random access memory,
etc.).

[0028] In another embodiment of the present invention, a
gallium nitride film may be deposited or grown epitaxially on
a substrate, such as a sapphire substrate. FIG. 2 1s a flowchart
depicting a method 200 of the present invention for deposit-
ing a gallium nitride film on a substrate. The method 200
begins 1n step 202. In step 204, a substrate 1s placed 1nto a
process chamber at a predetermined or selected temperature.

In one embodiment, the temperature of the chamber 1is
between about 800° C. and about 1,100° C., for example,
about 1,000° C.

[0029] In step 206, the substrate 1s exposed to a gallium
vapor and an NH; plasma under conditions suitable to form
the gallium nitride film, such as, for example, an epitaxial
layer. The pressure within the chamber may be, for example,
between about 2 Torr and about 600 Torr, or about 90 Torr.
Other suitable chamber temperatures and pressures may be
used.

[0030] The NH; plasma may be created in the deposition
chamber or may be created remotely and itroduced 1nto the
deposition chamber.

[0031] Gallium vapor may be created by placing gallium
into a vessel, such as a crucible, and heating the vessel to melt
the galllum. The vessel may be heated to a temperature of
from about 100° C. to about 250° C. In some embodiments
nitrogen gas may be passed over the vessel containing the
molten galllum at a pressure of about 1 Torr and pumped to
the process chamber. The nitrogen may be flowed at a rate of
about 200 standard cubic centimeters per minute (sccm). The
gallium vapor may be drawn into the process chamber by a
vacuum.

[0032] In step 208, a determination 1s made whether a
thickness of the gallium nitride film has met a predetermined
thickness standard. If the predetermined thickness standard
has been achieved, the method 200 ends in step 210. If the
predetermined thickness standard has not been achieved, the
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method loops back and the substrate continues to be exposed
to the galltum vapor and the NH3 plasma.

[0033] In an alternative embodiment, the substrate may be
exposed to the galllum vapor, the NH, plasma and one or
more of hydrogen and hydrogen chloride. The hydrogen and/
or the hydrogen chloride may increase the rate of deposition.
While not wishing to be bound to any particular theory, the
hydrogen chloride may help drive an equilibrium of gallium
vapor, NH, plasma and a gallium nitride toward gallium
nitride.

[0034] In another embodiment of the present mvention, a
gallium nitride film may be deposited on a substrate using a
gallium sesquichloride precursor and/or a galllum hydride
precursor. FI1G. 3 1s a flowchart depicting a method 300 of the
present 1mvention for forming a galllum nitride film on a
substrate.

[0035] Method 300 begins 1n step 302. In step 304, a sub-

strate 1s placed into a process chamber and brought to or
maintained at a predetermined temperature. The temperature
of the chamber 1s between about 700° C. and about 1,000° C.
The pressure of the chamber may be between about 2 Torr and
about 600 Torr, or about 90 Torr. Other suitable chamber
temperatures and pressures may be used.

[0036] Instep 306, the substrate 1s exposed to gallium ses-
quichloride and/or galllum hydride and to an ammonia
plasma under conditions adapted to form a gallium nitride

film, such as an epitaxial layer. Gallium sesquichloride may
be one or more of GaHCIl,, GaH,Cl, GaRCl, and GaR,Cl,

where R 1s an alkyl group. GaHCl,, GaH,Cl, GaRC(l, and
GaR,Cl may be in the form of one or more of monomers,
dimers, and trimers.

[0037] In an alternative embodiment, the substrate may be
exposed to one or more of hydrogen and hydrogen chlornde
while the substrate 1s being exposed to gallium sesquichloride
and/or gallium hydride and ammonia plasma.

[0038] In step 308, a determination 1s made whether a
thickness of the gallium nitride film has met a predetermined
thickness standard. If the predetermined thickness standard
has been achieved, the method 300 ends 1n step 310. If the
predetermined thickness standard has not been achieved, the
method loops back and the substrate continues to be exposed
to the gallium sesquichloride and/or gallium hydride and the
NH, plasma.

[0039] Inanother embodiment, a galllum aluminum nitride
f1lm may be deposited or grown on a substrate using a gallium
sesquichloride and/or a gallium hydride, and an aluminum
sesquichloride and/or an aluminum hydride precursor. FIG. 4
1s a flowchart depicting a method 400 of the present invention
for forming a gallium aluminum nitride film on a substrate.

[0040] Method 400 begins 1n step 402. In step 404, a sub-
strate 1s placed 1nto a process chamber at a predetermined
temperature. The temperature of the chamber 1s between
about 700° C. and about 1,000° C., or about 800° C. to about
900° C. The pressure of the chamber may be between about 2
Torr and about 600 Torr, or about 90 Torr. Other suitable
chamber temperatures and pressures may be used.

[0041] In step 406, the substrate 1s exposed to one or more
of gallium sesquichloride and gallium hydride, one or more of
aluminum sesquichloride and aluminum hydride, and to
ammonia plasma under conditions selected to form a gallium
aluminum nitride film, such as an epitaxial gallium aluminum
hydride film. Aluminum sesquichloride may be one or more
of AIHCI,, AlH,Cl, AIRCI1, and AIR,Cl, where R 1s an alkyl

group. In one embodiment, the alkyl group may have the
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general formula C H, ., where n 1s between 1 and 10.
Examples include but are not limited to methyl, ethyl, n-pro-
pyl, n-butyl, n-pentyl, n-hexyl, n-heptyl, n-octyl, n-nonyl,
and n-decyl. Other suitable alkyl groups include branched

chain structures. AIHC1,, AIH,Cl, AIRCI, and AIR ,Clmay be
in the form of one or more of monomers, dimers, and trimers.

[0042] In an alternative embodiment, the substrate may be
exposed to one or more of hydrogen and hydrogen chloride
while the substrate 1s being exposed to the gallium ses-

quichloride and/or gallium hydnde, the aluminum ses-
quichloride and/or aluminum hydride and the NH, plasma.

[0043] In step 408, a determination 1s made whether a
thickness of the gallium aluminum nitride film has met a
predetermined thickness standard. If the predetermined
thickness standard has been achieved, the method 400 ends 1n
step 410. ITthe predetermined thickness standard has not been
achieved, the method loops back and the substrate continues
to be exposed to one or more of gallium sesquichloride and
gallium hydride, one or more of aluminum sesquichloride and
aluminum hydride, and to ammonia plasma.

[0044] In another embodiment of the present invention, a
method for cleaning one or more of gallium nitride and gal-
ltum aluminum nitride films from a process chamber 1s pro-
vided. FIG. 3 1s a flow chart depicting method 500 for clean-
ing gallium nitride and gallium aluminum mitride films from
process chambers.

[0045] Method 500 begins in step 502. In step 504, a hydro-
gen plasma 1s mtroduced nto a process chamber which has
one or more films of gallium nitride and/or gallium aluminum
nitride. The hydrogen plasma may be made in-situ 1n the
chamber, or may be made remotely and drawn or pumped into
the chamber. While not wishing to be bound to any particular
theory, 1n the process of removing the gallium nitride and/or
the gallium aluminum nitride films from the chamber and
chamber equipment, the hydrogen plasma and the gallium
nitride and/or gallium aluminum nitride may form byprod-
ucts such as GaH;, AIH; and NH;, which may easily be
removed from the process chamber through exhaust conduits
and pump systems without the byproducts condensing 1n the
exhaust conduits and pumps. The hydrogen plasma/gallium
nitride/gallium aluminum nitride reaction byproducts may
have relatively low boiling points which may not require
supplementary heating of the exhaust conduits and pumps to
avold condensation of the byproducts and clogging of the
pumps and conduits. Method 500 may employ chamber tem-
peratures of about 800° C., and chamber pressures of between
about 0.5 and 100 Torr or about 1 or about 2 Torr. Other
suitable chamber temperatures and pressures may be used.

[0046] In step 506, a determination 1s made whether a pre-
determined film removal from the chamber has been
achieved. If the predetermined film removal has been
achieved, the method 500 ends 1n step 508. 11 the predeter-
mined film removal has not been achieved, the method loops
back and the chamber 1s exposed to the hydrogen plasma so as
to remove one or more of a GaN film and a GaAIN film.

[0047] While the foregoing 1s directed to embodiments of
the present invention, other and further embodiments of the
invention may be devised without departing from the basic
scope thereol, and the scope thereof 1s determined by the
claims that follow.
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1. A method of forming a galltum nitride epitaxial layer on
a substrate comprising;:

positioning a substrate 1n a process chamber; and

exposing the substrate to a mixture of NH, plasma and one
or more galllum compounds selected from the group
consisting of gallium sesquichloride and gallium
hydride so as to form the gallium nitride epitaxial layer
on at least a portion of the substrate.

2. The method of claim 1, wherein the gallium sesquichlo-
ride 1s selected from the group comprising GaHCl,,, GaH,Cl,
GaRCl,, GaR,Cl, monomers thereof, dimers thereof, trimers
thereot, and combinations thereof, where R 1s an alkyl group.

3. The method of claim 1, wherein a temperature of the
process chamber 1s between about 700° C. and about 1,000°
C.

4. The method of claim 3, wherein a pressure within the
process chamber 1s between about 2 Torr and about 600 Torr.

5. The method of claim 4, wherein the pressure 1s about 90
lorr

6. The method of claim 1, wherein the mixture further
comprises one or more ol hydrogen and hydrogen chloride
gas.

7. The method of claim 1, wherein the NH, plasma 1s
tformed remotely and introduced 1nto the deposition chamber.

8. The method of claim 1, wherein the NH, plasma 1s
formed 1n-situ.

9. A method of forming a gallium aluminum mtride epi-
taxial layer on a substrate comprising:

positioning a substrate 1n a process chamber; and

exposing the substrate to 1) an aluminum compound
selected from the group consisting of aluminum ses-
quichloride and aluminum hydride; 2) a gallium com-
pound selected from the group consisting of galllum
sesquichloride and galllum hydride; and 3) ammonia
plasma so as to form a galllum aluminum nitride epi-
taxial layer on at least a portion of the substrate.

10. The method of claim 9, wherein the aluminum ses-

quichloride may be selected from the group comprising

AIHCI,, AlH,CI, AIRC1,, AIR ,Cl, monomers thereof, dimers
thereof, trimers thereof, and combinations thereot, where R 1s

an alkyl group.
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11. The method of claim 10, wherein the gallium ses-
quichloride 1s selected from the group comprising GaHCI,,

GaH,Cl, GaRC(Cl,, GaR,Cl, monomers thereol, dimers
thereof, trimers thereot, and combinations thereot, where R 1s

an alkyl group.

12. The method of claim 9, wherein exposing the substrate
further comprises exposing the substrate to one or more of
hydrogen and hydrogen chloride while the substrate 1s being
exposed to the gallium sesquichloride and/or gallium
hydride, the aluminum sesquichloride and/or aluminum
hydride and the NH, plasma.

13. The method of claim 9, wherein a temperature of the
process chamber 1s between about 700° C. and about 1,000°
C. and a pressure within the process chamber 1s between
about 2 Torr and about 600 Torr.

14. The method of claim 14, wherein the temperature of the
process chamber 1s between about 800° C. to about 900° C.
and the process chamber 1s about 90 Torr.

15. The method of claim 14, further comprising:
exposing the chamber to a hydrogen plasma whereby a

portion of the galllum aluminum nitride layer 1s removed
from surfaces of the process chamber; and

exhausting the deposition chamber.

16. A method of cleaning a process chamber comprising:

providing a process chamber having one or more of a

gallium nitride film and a gallium aluminum nitride film
deposited on surfaces of the process chamber;

exposing the chamber to a hydrogen plasma whereby a

portion of the gallium nitride or gallium aluminum
nitride 1s removed from surfaces of the process chamber;
and

exhausting the deposition chamber.

17. The method of claim 16, wherein the NH, plasma 1s
tformed remotely and introduced into the deposition chamber

18. The method of claim 16, wherein the NH; plasma 1s
formed 1n-situ.

19. The method of claim 16, wherein the chamber 1s heated
to a chamber temperature of about 800° C. and maintained at
a pressure within the chamber between about 0.5 Torr and
about 100 Torr.

20. The method of claim 19, wherein the pressure within
the chamber 1s between about 1 Torr and about 2 Torr.
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