wo 2012/162197 A2 | I0FUN OO O A A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2012/162197 A2

29 November 2012 (29.11.2012) WIPO | PCT
(51) International Patent Classification: 95118 (US). CHEN, Lu [CN/US]; 1463 Jamestown Drive,
HO1L 21/318 (2006.01) HOI1L 21/205 (2006.01) Cupertino, California 95014 (US). KOJIRI, Hidehiro
(21) International Application Number: Elr)n/[li S9]4g§g (]%SE)den Avenue Apt. 231, Sunnyvale, Cali-
PCT/US2012/038730 ’
. 1o ) (74) Agents: VINCENT, Lester J. ct al; Blakely Sokoloff
(22) International Filing Date: 13 Mav 2012 (18.05.2012 Taylor & Zatman LLP, 1279 Oakmead Parkway,
ay (18.05. ) Sunnyvale, California 94085 (US).
(25) Filing Language: English (81) Designated States (uniess otherwise indicated, for every
(26) Publication Language: English kind of national protection available). AE, AG, AL, AM,
L. AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(30) Priority Data: CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
(71) Applicant (for all designated States except US): AP- K7, LA, LG, LK, LR, LS, LT, LU, LY, MA, MD, ME,
PLIED MATERIALS, INC. [US/US]; 3050 Bowers Av- MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
enue, Santa Clara, California 95054 (US). OM, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
(72) Inventors; and TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(75) Inventors/Applicants (for US ornly): MELNIK, Yuriy

[RU/US]; 1687 Massidda Court, San Jose, California (84)

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,

[Continued on next page]

Provide a substrate (e.g., sapphire substrate) for the growth J)Z
of group Il nitride layers (e.g., GaN, AlGaN)
¥ 104
Load substrate into HVPE processing system
12 106
Establish initial process conditions in the processing system
¥ 108
Perform nitridization of the substrate for a certain time period -
¥ 110
Cool the substrate to a temperature (e.g., temperature less than 900 .
degrees C, 500-800 degrees C, 600-700 degrees C)
¥ 114
Start a group lll-nitride buffer layer containing aluminum (e.g., AN, L
AlGaN) deposition by flowing metal halide containing precursors with
a carrier gas into the growth zone of the HVPE system
v
Introduce a halogen gas or a hydrogen halide gas flow (e.g., 200-1100 116
scom, 400-900 scem) to the g?rowth zone at the same time or -
approximately the same time as introducing the metal halide containing
precursors into the growth zone
Stop the flow of the metal halide containing precursors and continue 118
the halogen gas or the hydrogen halide gas flow for a time period -
(e.g., 0-5 minutes)
¥
Ramp the temperature of the substrate carrier to a temperature JZO
(e.g., temperature greater than 900 degrees C, 980-1080 degrees C)
after the halogen gas or hydrogen halide gas flow is turned off
* 122
Introduce chlorine flow over a metal source (e.g., Ga source) at a flow |
rate (e.g., 50-400 sccm, 100-200 scem, 150 scem) for group 1l
nitride growth
L 124
Interrupt the chlorine flow over the metal source and the substrate |
carrier is cooled down while flowing ammonia to preserve the group Il
nitride when desired thickness is achieved

FIG. 1

(54) Title: METHODS FOR IMPROVED GROWTH OF GROUP III NITRIDE SEMICONDUCTORS

(57) Abstract: Methods are disclosed for growing group II-nitride semi-
conductor compounds with advanced buffer layer technique. In an em-
bodiment, a method includes providing a suitable substrate in a pro-
cessing chamber of a hydride vapor phase epitaxy processing system. The
method includes forming an AIN bufter layer by flowing an ammonia gas
into a growth zone of the processing chamber, flowing an aluminum hal -
ide containing precursor to the growth zone and at the same time flowing
additional hydrogen halide or halogen gas into the growth zone of the
processing chamber. The additional hydrogen halide or halogen gas that is
flowed into the growth zone during buffer layer deposition suppresses ho-
mogeneous AIN particle formation. The hydrogen halide or halogen gas
may continue flowing for a time period while the flow of the aluminum
halide containing precursor is turned off.
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METHODS FOR IMPROVED GROWTH OF GROUP Il NITRIDE SEMICONDUCTORS

RELATED APPLICATIONS

[0001] This application claims the benefit of Provisional Application No.
61/488,676, filed May 20, 2011, and Utility Application No. 13/469,045, filed May 10,
2012, both of which are incorporated herein by reference.

FIELD

[0002] Embodiments of this invention relate to methods for improved growth of group IlI-
nitride layers of semiconductors in processing systems.

DESCRIPTION OF RELATED ART

[0003] Aluminum (Al) containing Ill-V compound semiconductors are of significant value
since they are used in the fabrication of many electronic devices. The group IlI-Nitrides
GaN, AIN and AlGaN alloys are extremely important materials with widespread
applications for optoelectronics (e.g. solid state lighting) and high power electronics.
Metal-organic vapor phase epitaxy (MOVPE) is the primary deposition methodology, but
hydride vapor phase epitaxy (HVPE) is an alternative epitaxial growth method of group
[ll-nitrides. In general, the HVPE process involves the reaction of one or more metallic
halides with a hydride. For the growth of llI-nitride materials, typically metallic chlorides
and ammonia (NH3) are used.

[0004] One challenge with the use of aluminum trihalides in AIN HVPE process is the
homogeneous reactions and as a result AIN particles formation in the gas phase. It has
been shown that, together with formation of AIN films, some particles are formed in the
gas phase. The one-operation overall homogeneous reaction for AIN particles formation
is the same as for heterogeneous reaction, but the intermediate reaction paths will be
different. The identities of reaction intermediates involved in the homogeneous reactions
are usually difficult to be determined experimentally. Generally, if aluminum trihalide and
NH3 meet each other, adduct compounds AIRx-NHx type (where x = 1-3, and R = Cl,
Br, or ) may appear as a result of gas-phase reactions. The simultaneous formation of
oligomeric forms is also preferable. The large amounts of the monomers and high-order
oligomers in the gas phase finally produce small suspended particles of AIN in the
reactor chamber.
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[0005] When aluminum trichloride (AICI3) mixes with NH3, they react instantaneously
producing AIN nanoparticles in the gas phase. The one-operation overall homogeneous
reaction for AIN particles formation follows below.

AICI3(g) + NH3(g) = AlN(particles) + 3HCI(Q) (1)

[0006] Premature premixing gases at low temperature, large volume of the deposition
chamber, and low total gas flow can significantly increase nominal residence time of AIN
nanoparticles in the reactor. As a result, the size of AIN particles will be increased. The
high residence time and high partial pressure of AICI3 can lead to visible AIN powder in
the gas phase.

[0007] AIN particles were directly observed in the AICI3-NH3-Ar system in the
atmospheric hot wall HVPE reactor without any additional optical tools (like in situ laser
light scattering) by a prior approach. During the growth process aerosol in reactor is
present. It looks like narrow mist-strip located at 2-3 mm away from the reactor walls.

[0008] The homogeneous formation of AIN powder in the HVPE process may be
explained on the basis of a model suggested by another prior approach. The gas-phase
reactions are as following:

AIR3(g) + NH3(g) = AIR3-NH3(s) (2)
AIR3-NH3(s) = AIR2-NH2(s) + HR(g) (3)
AIR2-NH2(s) = AIR-NH(s) + HR(g) (4)
AIR-NH(s) = AIN(s) + HR(g) (5)
, where R = Cl, Br, or I.

[0009] So, AIN nanoparticles (AIN powder) represent the end product of a chain of gas-
phase chemical reactions.

[0010] Using AICI3 and NH3, as the parent species, another approach deposited
aluminum nitride in a reactor consisted of a premixing zone (460 degrees C), a rising-
temperature zone (from 460 degrees C to the reaction temperature), a reaction zone
(constant at a temperature ranging from 700 to 1100 degrees C), and a particle
collection zone (600 degrees C). This approach suggests that the chemical vapor
deposition process starts with formation of the adduct molecules AICI3-(NH3)x, when
AICI3 and NH3 are mixed in the premixing zone of a reactor. These adduct molecules
form clusters and AIN particles in the gas phase. The production rates of AIN layers on
substrates and AIN particles in the gas phase were independently determined in AlCI3-
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NH3-He system. Formation of AIN clusters, ranging in size from 0.8 nm (700 degrees C)
to 0.5 nm (1100 degrees C) was found to be a key process in the rapid growth of AIN.

[0011]However, the homogeneous process and AIN particles that form in the gas phase
can lead to negative effects on heterogeneous AIN layer deposition. The negative
effects include a drop in deposition rate and yield and poor thickness uniformity.

[0012] The formation of particles in the gas phase is the possible cause for macro
contaminants and other structural defects in the films. The surface roughness can also
be dependent on parasitic homogeneous reactions.

[0013] Thus, the participation of AIN particles in the surface reaction (dropping on the
surface of AIN epitaxial layer) depends heavily on the chamber design and process
conditions, i.e. temperature, species concentrations, gas velocity and total pressure.
Homogeneous gas phase reactions in AICI3-NH3 HVPE systems hinder the growth of
good quality epitaxial AIN films.

SUMMARY

[0014] Methods are disclosed for growing group IlI-nitride semiconductor compounds
with advanced buffer layer technique. In an embodiment, a method includes providing a
suitable substrate in a processing chamber of a hydride vapor phase epitaxy processing
system. The method includes forming an AIN buffer layer by flowing an ammonia gas
into a growth zone of the processing chamber, flowing an aluminum halide containing
precursor to the growth zone and at the same time flowing additional hydrogen halide or
halogen gas into the growth zone of the processing chamber. The additional hydrogen
halide or halogen gas that is flowed into the growth zone suppresses homogeneous AIN
particle formation during buffer layer deposition. A group llI-nitride epitaxial layer is
formed over the AIN buffer layer.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Embodiments of the present disclosure is illustrated by way of example, and not
by way of limitation, in the figures of the accompanying drawings, in which:

[0016] Figure 1 is a flowchart that illustrates a method for enhancing growth of a high-
quality group lll-nitride film (e.g., GaN thin film) with a low temperature buffer layer in

accordance with one embodiment;
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[0017] Figure 2 is a flowchart that illustrates a method for enhancing growth of a high-
quality group llI-nitride film (e.g., GaN thin film) with a high temperature buffer layer in

accordance with one embodiment;

[0018] Figure 3a illustrates an AFM image 300 of a 1 micron by 1 micron sapphire
substrate surface;

[0019] Figures 3b-3f illustrate the effect of additional CI2 flow on a surface morphology
of a high temperature AIN buffer layer deposited on the sapphire substrate in

accordance with one embodiment;

[0020] Figure 4 illustrates the root-mean-square roughness (Rms) in nanometers of high
temperature AIN buffers that are deposited on a sapphire substrate at different flows of
additional CI2 during the AIN deposition operation in accordance with one embodiment;

[0021] Figures 5a-5f illustrate several examples of locations of multiple buffers for GaN
deposition on a sapphire structure with a HVPE system in accordance with one

embodiment;

[0022] Figure 6 illustrates a method for enhancing growth of a high-quality group lll-
nitride (e.g., GaN, AlGaN) layers with multiple buffer layers grown in a HVPE system in

accordance with one embodiment;

[0023] Figure 7a illustrates an X-ray rocking curve for on-axis (002) peak and Figure 7b
illustrates an X-ray rocking curve for an off-axis (102) peak for 4.8 um GaN deposited
on a (0001) sapphire substrate in accordance with one embodiment;

[0024] Figure 8 illustrates an HVPE apparatus in accordance with one embodiment;

[0025] Figure 9 illustrates a physical structure of a cluster tool schematically in one

embodiment; and

[0026] Figure 10 illustrates a cross-sectional view of a device in accordance with one

embodiment.

DETAILED DESCRIPTION

[0027] In the following description, numerous details are set forth. It will be apparent,
however, to one skilled in the art, that the present disclosure may be practiced without
these specific details. In some instances, well-known methods and devices are shown

in block diagram form, rather than in detail, to avoid obscuring the present disclosure.
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Reference throughout this specification to “an embodiment” means that a particular
feature, structure, function, or characteristic described in connection with the
embodiment is included in at least one embodiment of the invention. Thus, the
appearances of the phrase “in an embodiment” in various places throughout this
specification are not necessarily referring to the same embodiment of the invention.
Furthermore, the particular features, structures, functions, or characteristics may be
combined in any suitable manner in one or more embodiments. For example, a first
embodiment may be combined with a second embodiment anywhere the two

embodiments are not mutually exclusive.

[0028] In one embodiment, an improved method for growing lll-nitride semiconductor
epitaxial layers containing aluminum by hydride vapor phase epitaxy (HVPE) is
disclosed. In one embodiment, the forming an AIN layer (or Al-containing group Il1-
nitride layer) is conducted by flowing ammonia gas and aluminum halide containing
precursor (or at least one aluminum halide containing precursor) into a growth zone of
the processing chamber, and at the same time flowing hydrogen halide or halogen gas
into the growth zone of the processing chamber. The hydrogen halide or halogen gas
that is flowed into the growth zone suppresses homogeneous formation of AIN (or Al-
containing group llI-nitride) particles. For example, AIN layer may be fabricated on
suitable substrate with high quantities of aluminum trichloride (AICI3) gas and ammonia
gas. The method utilizes additional CI2 gas to suppress homogeneous formation of AIN
particles during hydride vapor phase epitaxy of AIN layers. The suppression of
homogeneous formation of AIN by introduction of CI2 gas in the processing chamber
during deposition operation essentially improves crystal quality and morphology of the
epitaxial layers grown on suitable substrates. As a result of suppression of
homogeneous formations, deposition rate of AIN becomes higher, product yield
increases, and thickness uniformity improves. In an alternative embodiment, another
halogen gases (e.g., bromine (Br2) gas, iodine (12) gas) may be used for suppression of
homogeneous particle formation during deposition of AIN layers (or Al-containing group
[lI-nitride layer) .

[0029] In one embodiment, the method also enables the growth of Al-containing Ill-
nitride compound semiconductors buffer layers (initial layers, nucleation sites) on
suitable substrates for subsequent high quality GaN (or group IlI-nitride semiconductor)
deposition.
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[0030] A previous approach to grow AIN and AlGaN layers by HVPE with suppression of
AIN (or AlIGaN) homogeneous formation used HCI as an active gas. Conventional AIN
HVPE process (involving aluminum trichloride and ammonia as active gases) starts with
formation of the adduct molecules, which form clusters and AIN particles in the gas
phase. Introduction of HCI gas in the chamber during deposition operation suppresses
homogeneous formation of adduct molecules, clusters and AIN particles. The
suppression mechanism includes inhibition and dissolution of homogeneous species

after absorption of HCI molecules on the surface of the species.

[0031] The use of CI2 for suppression of AIN (or AIGaN) homogeneous formation has a
significant advantage over traditional suppression with HCI due to higher efficiency. The
bond energies for HCIl and CI2 are 431 kdJ/mol and 243 kJ/mol, correspondingly. The CI-
Cl bond is weakly bound compared to the H-Cl bond. So, a more rapid decomposition of
the CI2 with respect to that of HCI would contribute to the increase in the dissolution
rate. The suppression mechanism includes inhibition and dissolution of homogeneous
species after absorption of CI2 molecules on the surface of the species.

[0032] This additional CI2 gas may act also as etchant for epitaxial AIN (or Ill-nitride
semiconductor compounds containing aluminum). To eliminate possible negative effect
of etching, an optimal partial concentration of Cl2 and temperature of the deposition
have to be defined for each reactor design.

[0033] The present disclosure may be used during aluminum containing IlI-nitride
buffers (initial layers) deposition on suitable substrates for subsequent high quality
epitaxial GaN (or Ill-nitride semiconductor) growth. The present disclosure discloses a
method of growing AIN (or Al-containing lll-nitride) buffers using additional hydrogen
halide or halogen gas for suppression of homogeneous particle formation during buffer
deposition operation. The crystalline quality of the GaN layers grown on AIN buffers
deposited by this method is comparable to (if not superior to) the highest-quality GaN
layers grown by MOCVD or HVPE reported in the literature.

[0034] In one embodiment, the average deposition time for the buffer deposition
operation is not so long (e.g., approximately several minutes), so the efficiency of
homogeneous suppression becomes less critical. In this case, additional HCI gas as an
alternative to CI2 gas may be used. The present disclosure discloses a method of
growing AIN buffer layers (initial layers, nucleation layers) using additional HCI gas for
suppression of homogeneous particle formation during buffer deposition operation.
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These buffers may be used for subsequent high quality GaN (or IlI-nitride
semiconductor) growth. In an alternative embodiment, another hydrogen halide gases
(e.g., hydrogen bromide (HBr) gas, hydrogen iodide (HI) gas) may be used for
suppression of homogeneous particle formation during buffer deposition operation.

[0035] In one embodiment, the forming an AIN buffer layer is conducted by flowing
ammonia gas and an aluminum halide containing precursor into a growth zone of the
processing chamber, and at the same time flowing hydrogen halide or halogen gas into
the growth zone of the processing chamber, wherein the hydrogen halide or halogen
gas that is flowed into the growth zone suppresses homogeneous formation of AIN
particles.

[0036] The stopping of an aluminum containing precursor flow coming to the processing
chamber (or growth zone of the processing chamber) at the same time as stopping
hydrogen halide or halogen gas (at the end of forming the AIN buffer layer) is critical for
present disclosure performance. The flowing of aluminum halide containing precursor
without the hydrogen halide or halogen gas will immediately lead to particles formation.
However, the stopping of an aluminum containing precursor flow at the same time as
stopping hydrogen halide or halogen gas is limited by the difficulty which originate from
aluminum halide gas formation (usually metallic Al reacts with HCI or CI2 in separate
zone upstream of the reactor). In one embodiment, the flow of the aluminum halide
containing precursor is stopped while the halogen gas and ammonia are continuing to
flow into the growth zone of the processing chamber for a time period. After the flow of
metal halide containing precursor is turned off, the additional hydrogen halide or
halogen gas flow into the growth zone continues for a certain time period (e.g., 0-5
minutes) to eliminate possible particle creation. The certain time period (delay time) has
to be experimentally defined for each chamber design.

[0037] Figure 1 is a flowchart that illustrates a method for enhancing growth of a high-
quality group lll-nitride epitaxial layer (e.g., GaN layer) with a low temperature (e.g.,
temperature less than 900 degrees C, 500-800 degrees C, 600-700 degrees C) buffer
layer containing aluminum in accordance with one embodiment. The method includes
growing an in situ low temperature buffer layer (or initial layer, or nucleation layer)
containing aluminum (e.g., AIN, AlGaN) on suitable substrate (e.g., sapphire, SiC, Si,
AIN). The buffer layer containing aluminum is grown with suppression of homogenous
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particle formation. Then, a subsequent high temperature group llI-nitride (e.g., GaN)
deposition occurs in the HVPE processing systems.

[0038] In one embodiment, a substrate is provided (e.g., aluminum oxide containing
substrate, sapphire substrate, (0001) sapphire substrate) for the growth of group IlI-
nitride layers (e.g., GaN, AIN, AlGaN) at block 102. The substrate is loaded into a HVPE
processing system at block 104. Then, initial process conditions are established in the
processing system at block 106. These process conditions may include setting the
pressure (e.g., 50-800 Torr, 400-500 Torr), setting the nitrogen containing material (e.g,
nitrogen gas, nitrous oxide, ammonia, hydrazine, diimide, hydrazoic acid, etc) to a flow
rate (e.g., 2-10 standard liters per minute (SLM), 2-4 SLM), and then ramping a
substrate carrier temperature to a first temperature (e.g., temperature greater than 900
degrees C, 950-1050 degrees C). Once the temperature reaches the set point, the
substrate is under nitridization for a certain time period (e.g., 5-15 minutes) at block 108.
After nitridization, the substrate carrier is cooled down to a second temperature (e.g.,
temperature less than 900 degrees C, 500-800 degrees, 600-700 degrees C) at block
110. When the temperature set point is reached, a low temperature group lll-nitride
buffer layer containing aluminum (e.g., AIN, AlGaN) deposition starts at block 114. The
buffer layer is grown while suppressing homogenous particle formation (e.g., AIN,
AlGaN) based on flowing a halogen gas (e.g., additional chlorine gas) to the growth
zone. Alternatively, a hydrogen halide (e.g., hydrogen chloride (HCI)) gas flows into the
growth zone to suppress homogeneous particle formation. The process conditions for
the buffer layer deposition may include flowing one or more metal halide precursors
(e.g., atleast one aluminum halide containing precursor (e.g., AICI3, AICI, AIBr, AIBr3,
All, AllI3, GaCl, GaCl3, etc.)) with a carrier gas into the growth zone of the HVPE system
at block 114. An aluminum chloride precursor may be formed by flowing chlorine gas
(ClI2) to a metal source (e.g., an aluminum source) located in separate zone (upstream
of the deposition zone) at a flow rate and time period (e.g., 10-150 sccm for 30 seconds
to 5 minutes). Alternatively, the hydrogen halide (e.g., HCI) gas is flowed over an Al
source to form the aluminum chloride precursor at a flow rate and time period (e.g., 20-
300 scem for 30 seconds to 5 minutes). The Al source may be solid and have a
temperature from 200 degrees C to the Al melting point temperature (e.g., about 660
degrees C). The Al source may be liquid and have a temperature greater than the Al
melting point temperature. In another embodiment, a source of liquid Ga is also used to



WO 2012/162197 PCT/US2012/038730

form a gallium chloride precursor (e.g., GaCl, GaClI3) in separate zone upstream of the
deposition zone.

[0039] At the same or approximately the same time (e.g., 0-1 min before) of the
introduction of the metal halide precursors into the growth zone, a halogen gas (e.g.,
chlorine (CI2) gas) or a hydrogen halide gas (e.g., hydrogen chloride (HCI) gas) flow is
introduced to the growth zone (e.g., 200-1100 sccm, 400-900 sccm) at block 116. After
the flow of the metal halide precursors is turned off, the halogen gas or the hydrogen
halide gas flow can keep flowing for a time period (e.g., 0-5 minutes) at block 118. The
buffer layer is deposited based on the reaction of the ammonia, one or more metal
halide precursors, and a halogen gas or a hydrogen halide gas in the growth zone. For
example, an AIN buffer layer is deposited based on the reaction of ammonia, aluminum
halide containing precursor (e.g., AICI3, AICI, AIBr3, AlIBr) and chlorine gas (or hydrogen
chloride gas) in the growth zone. Alternatively, an AlGaN buffer layer is deposited
based on the reaction of ammonia, aluminum halide containing precursor (e.g., AlCI3,
AICI, AIBr3, AlBr), gallium halide containing precursor (e.g. GaCl, GaCl3), and additional
chlorine gas (or hydrogen chloride gas) in the growth zone. The additional chlorine gas
(or hydrogen chloride gas) in the growth zone suppresses homogeneous particle
formation during the buffer deposition operation.

[0040] After the halogen gas or a hydrogen halide gas flow is turned off, the substrate
carrier temperature starts to ramp to a third temperature (e.g., temperature greater than
900 degrees C, 980-1080 degrees C) at block 120. During this operation, ammonia flow
switches to 1-22 SLM. Once the substrate carrier temperature reaches the third
temperature, chlorine (CI2) gas flow over a metal source (e.g., Ga source) is introduced
to a flow rate (e.g., 50-400 sccm) for group llI-nitride growth (e.g., GaN growth) at block
122. After a 3-30 minute deposition, when the desired GaN thickness is achieved, the
chlorine gas flow over the metal source is interrupted and the substrate carrier is cooled
down while flowing ammonia gas to preserve the group lll-nitride layer at block 124. In
an alternative embodiment, the chlorine (CI2) gas flow of operations 122 is replaced
with hydrogen chloride (HCI) gas flow.

[0041] In one embodiment, GaN layers were deposited on insitu low temperature AIN
buffers in a vertical 28x2 inch capacity Ga-Al-CI2-NH3-N2 HVPE system. In the
separate Al and Ga source zones, the CI2 reacted with the metals (Al and Ga) to form
AICI3 and GaCl, respectively. The chlorides were transported by N2 and mixed with
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ammonia in the growth zone. 1.5 um and 3 um thick GaN films have been grown on
(0001) sapphire substrates using process conditions described above with a growth rate
between 10 and 15 uym/hr. The roughness of the GaN layers is in the range of 2-3 nm.
The layer quality has been investigated by X-ray diffraction. The FWHM of reflections
(002) and (102) is used to determine the tilt and twist structure of the GaN layer. The
FWHM of the -scan rocking curves for (002) and (102) reflections for 1.5 um thick
GaN layers were in the range of 70-250 arcsec and 350-600 arcsec, respectively. The
FWHM of the -scan rocking curves for (002) and (102) reflections for 2.5 um thick
GaN layers were in the range of 130-300 arcsec and 300-500 arcsec, respectively.

[0042] Figure 2 is a flowchart that illustrates a method for enhancing growth of a high-
quality group llI-nitride epitaxial layer (e.g., GaN layer) with a high temperature (e.g.,
900 degrees C or higher) buffer layer containing aluminum in accordance with one
embodiment. The method includes growing an in situ high temperature buffer layer (or
initial layer, or nucleation layer) containing aluminum (e.g., AIN buffer layer) on suitable
substrate (e.g., sapphire, SiC, Si, AIN). The buffer layer containing aluminum is grown
with suppression of homogenous particle formation. Then, a subsequent high
temperature group llI-nitride (e.g., GaN) deposition occurs in the HVPE processing
systems.

[0043] In one embodiment, a high temperature buffer layer or initial layer or nucleation
layer (e.g., AIN buffer, AlGaN buffer) is deposited to enhance a subsequent high quality
group llI-nitride epitaxial layer (e.g., GaN) deposition. A substrate (e.g., aluminum oxide
containing substrate, sapphire substrate, (0001) sapphire substrate) is provided for the
growth of the group lll-nitride layer at block 202. The substrate is loaded into a HVPE
reactor at block 204. Then, initial process conditions are established in the processing
system at block 206. These process conditions may include setting the pressure (e.g.,
50-800 Torr, 400-500 Torr), setting the nitrogen containing material (e.g, nitrogen gas,
nitrous oxide, ammonia, hydrazine, diimide, hydrazoic acid, etc) flowto 1-15 SLM, and
the ramping a substrate carrier to a first temperature (e.g., temperature greater than or
equal to 900 degrees C, 950-1050 degrees C). Once the temperature reaches the set
point, the substrate is under nitridization for a certain time period (e.g., 2-15 minutes)
with the ammonia flow being set to a flow rate (e.g., 2-12 SLM) at block 208.

[0044] After nitridization, the substrate carrier temperature is ramped (up or down) to a
second temperature (e.g., temperature greater than or equal to 900 degrees C, 930-

10
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1050 degrees C) at block 210. In one embodiment, the first temperature is equal to the
second temperature. When the temperature set point is reached, a high temperature
group llI-nitride buffer layer containing aluminum (e.g., AIN, AlGaN) deposition starts at
block 212. The buffer layer is grown while suppressing homogenous particle formation
based on flowing additional chlorine (CI2) to the growth zone. Alternatively, hydrogen
chloride (HCI) gas flows into the growth zone to suppress homogeneous patrticle
formation. The process conditions for the buffer layer deposition may include flowing
one or more metal halide precursors (e.g., at least one aluminum halide containing
precursor (e.g., AICI3, AICI, AIBr, AIBr3, All, AlI3, GaCl, GaCl3, etc.)) with a carrier gas
into the growth zone of the HVPE system at block 212. An aluminum chloride precursor
may be formed by flowing chlorine gas (CI2) to an aluminum source located in separate
zone upstream of the growth zone (Al source zone of the reactor) at a flow rate and time
period (e.g., 10-150 sccm for 30 seconds to 5 minutes). Alternatively, HCI gas is flowed
over an Al source to form the aluminum chloride precursor at a flow rate and time period
(e.g., 20-300 sccm for 30 seconds to 5 minutes). The Al source may be solid and have
a temperature from 200 degrees C to the Al melting point temperature (e.g., about 660
degrees C). The Al source may be liquid and have a temperature greater than the Al
melting point temperature. In another embodiment, a source of liquid Ga located in
separate zone upstream of the reactor (Ga source zone of the reactor) is used to form a
gallium chloride precursor (e.g., GaCl, GaCl3).

[0045] At the same or approximately the same time (e.g., 0-1 min before) of the
introduction of the metal halide precursors into the growth zone, a halogen gas (e.g.,
chlorine (CI2) gas) or a hydrogen halide gas (e.g., hydrogen chloride (HCI) gas)flow is
introduced to the growth zone (e.g., 200-1100 sccm, 400-900 sccm) at block 214. After
the metal halide precursors flow is turned off, the halogen gas or the hydrogen halide
gas can keep flowing for a time period (e.g., 0-5 minutes) at block 216The buffer layer is
deposited based on the reaction of the ammonia, one or more metal halide precursors,
and a halogen gas or a hydrogen halide gas in the growth zone. For example, AIN
buffer layer is deposited based on the reaction of the ammonia, aluminum halide
precursor, and chlorine gas (or hydrogen chloride gas) in the growth zone. For example,
AlGaN buffer layer is deposited based on the reaction of the ammonia, aluminum halide
precursor, gallium halide precursor and chlorine gas (or hydrogen chloride gas) in the
growth zone. The halogen gas (e.g., chlorine (CI2) gas) or a hydrogen halide gas (e.qg.,
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hydrogen chloride (HCI) gas) in the growth zone suppresses homogeneous particle
formation during the buffer deposition operation.

[0046] After the halogen gas or hydrogen halide gas is turned off and the buffer layer
formation is completed, the temperature of the substrate carrier ramps to a third
temperature (e.g., temperature greater than 900 degrees C, 980-1080 degrees C) at
block 217. Once carrier temperature reaches the third temperature the Ammonia flow
switches to a flow rate (e.g., 2-20 SLM, 2-4 SLM) at block 218.

[0047] The substrate with buffer layer goes under the second nitridization for a certain
time period (e.g., 10 minutes) at block 220. After the nitridization, the carrier
temperature ramps to a fourth temperature (e.g., temperature of 900 degrees C or
higher, 980-1080 degrees C) at block 222. During this operation, ammonia flow
switches to 1-22 SLM. Once the substrate carrier temperature reaches the fourth
temperature, chlorine (CI2) gas flow over a metal source (e.g., Ga source) is introduced
to a flow rate (e.g., 50-400 sccm) for group llI-nitride growth (e.g., GaN growth) at block
224. After a 3-30 minute deposition, when the desired GaN thickness is achieved, the
chlorine gas flow over the metal source is interrupted and the substrate carrier is cooled
down while flowing ammonia gas to preserve the group lll-nitride layer. In an alternative
embodiment, the chlorine (CI2) flow of operation 224 is replaced with hydrogen chloride
(HCI) flow.

[0048] In one embodiment, 5 um thick GaN layers have been grown using process
conditions described above with a growth rate between 12 and 60 pm/hr. The
roughness of the GaN layers is in the range of 2-3 nm. The layer quality has been
investigated by X-ray diffraction. The FWHM of reflections (002) and (102) is used to
determine the tilt and twist structure of the GaN layer. The FWHM of the w-scan rocking
curves for (002) and (102) reflections for 5 um thick GaN layers are in the range of 200-
300 arcsec and 280-380 arcsec, respectively.

[0049] Figure 3a illustrates an AFM image 300 of a 1 micron by 1 micron sapphire
substrate surface. Figures 3b-f illustrate the effect of additional CI2 flow on a surface
morphology of a high temperature AIN buffer layer deposited on the sapphire substrate
in accordance with one embodiment. These high temperature AIN buffer layers are
deposited based on the reaction of the ammonia (NH3) gas, aluminum trichloride
(AICI3) gas, and additional chlorine gas (CI2) gas in the growth zone. The additional
chlorine gas in the growth zone suppresses homogeneous particle formation during the

12



WO 2012/162197 PCT/US2012/038730

buffer deposition operation. Aluminum trichloride was created by a reaction of CI2 with
solid Al pellets at about 550 degrees C in the Al source zone of the reactor and
delivered to the deposition chamber with N2 carrier gas. Figure 3b illustrates the AFM
image 310 of an AIN buffer layer that was deposited with no additional CI2 flow in the
growth zone. Figure 3c illustrates the AFM image 320 of an AIN buffer layer that was
deposited with an additional CI2 flow of 100 sccm in the growth zone. Figure 3d
illustrates the AFM image 330 of an AIN buffer layer that was deposited with an
additional CI2 flow of 300 sccm in the growth zone. Figure 3e illustrates the AFM image
340 of an AIN buffer layer that was deposited with an additional CI2 flow of 500 sccm in
the growth zone. Figure 3f illustrates the AFM image 350 of an AIN buffer layer that was
deposited with an additional CI2 flow of 800 sccm in the growth zone. The AIN buffer
layer becomes thicker with a higher flow of CI2. The surface becomes rougher with an
increasing thickness of AIN buffer.

[0050] Figure 4 illustrates the root-mean-square roughness (Rms) in nanometers of high
temperature AIN buffers that are deposited on a sapphire substrate at different flows of
additional CI2 during the AIN deposition operation in accordance with one embodiment.
The deposition of AIN without additional CI2 is negligible. The Rms value for a sapphire
substrate, which is illustrated in Figure 3a, is 0.146 nm while the Rms value for AIN
without additional ClI2, which is illustrated in Figure 3b is 0.204 nm. The AIN buffer layer
becomes thicker with a higher flow of CI2. The surface becomes rougher with an
increasing thickness of AIN buffer.

[0051] The buffer techniques with suppression of homogeneous particles formation
described in the present disclosure can be used together to form multi buffer
techniques. For example, some combinations of low temperature buffers (e.g., AIN,
AlGaN) and high temperature (e.g., AIN, AlGaN) buffers may be used to improve crystal
quality and morphology of group IlI-nitride materials. The multi buffer techniques can
also reduce or tune the stress in the subsequently deposited layers and final device
structures. The buffer may be deposited on the substrate, or on the surface of another
buffer. The additional buffer layers may be added as interlayers in group lll-nitride
layers (e.g., GaN, AlGaN, AIN).

[0052] Figures 5a-f illustrate several examples of locations of multiple buffers for GaN
deposition on a sapphire structure with a HVPE system in accordance with one
embodiment. The device 500 illustrated in Figure 5a includes a sapphire substrate 502,

13



WO 2012/162197 PCT/US2012/038730

a high temperature AIN buffer layer 504, a GaN layer 506, a low temperature AIN buffer
layer 508, and a GaN layer 509. The device 510 illustrated in Figure 5b includes a
sapphire substrate 512, a low temperature AIN buffer layer 514, a GaN layer 516, a low
temperature AIN buffer layer 518, and a GaN layer 519. The device 520 illustrated in
Figure 5c¢ includes a sapphire substrate 522, a low temperature AIN buffer layer 524, a
high temperature AlGaN buffer layer 526, and a GaN layer 528. The device 530
illustrated in Figure 5d includes a sapphire substrate 532, a low temperature AIN buffer
layer 534, a high temperature AIN buffer layer 536, and a GaN layer 538. The device
540 illustrated in Figure 5e includes a sapphire substrate 542, a high temperature AIN
buffer layer 544, a high temperature AlGaN buffer layer 546, and a GaN layer 548. The
device 510 illustrated in Figure 5f includes a sapphire substrate 552, a low temperature
AIN buffer layer 554, a high temperature AIN buffer layer 556, a high temperature
AlGaN buffer layer 558, and a GaN layer 559.

[0053] In one embodiment, the devices 500, 510, 520, 530, 540, and 550 include
additional layers deposited with the HVPE system or a MOCVD system. For example,
the additional layers (to create lll-nitride device structure) may include InGaN MQW, p-
type AlGaN, and p-type GaN. The additional layers may include n-type AlGaN, InGaN,
InGaN/GaN MQW, GaN, p-type AlGaN, and p-type GaN. In other embodiments, the
sapphire substrate may be replaced with a silicon substrate, a SiC substrate, lithium
aluminum oxide, lithium gallium oxide, zinc oxide, GaN, AIN, quartz, glass, GaAs,
spinel, any combination thereof, any mixture thereof, or any alloy thereof.

[0054] For a single chamber process, layers of differing composition are grown
successively as different operations of a growth recipe executed within the single
chamber. For a multiple chamber process, layers in lll-nitride device structure (e.g.,
LED, LD) are grown in a sequence of separate chambers. For example, an
undoped/nGaN layer or the layers illustrated in Figure 5a-5f may be grown in a first
chamber, a MQW structure grown in a second chamber, and a p-type GaN layer or p-
type AlGaN grown in a third chamber.

[0055] Figure 6 illustrates a method for enhancing growth of a high-quality group lll-
nitride (e.g., GaN, AIN, AlGaN) thin layer with multiple buffer layers grown in a HVPE
system on a suitable substrate (e.g., aluminum oxide containing substrate, sapphire
substrate, (0001) sapphire substrate) in accordance with one embodiment (e.g., as
illustrated in Figures 5¢ and 5d). The method includes growing an in situ low
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temperature group llI-nitride initial layer that contains aluminum (e.g., AIN initial layer,
AlGaN initial layer) on a substrate. Then, an in situ high temperature group IlI-nitride
buffer layer that contains aluminum (e.g., AIN buffer, AlGaN buffer) is grown on the
initial layer. Subsequently, a high temperature high-quality GaN deposition occurs in
the HVPE system. The multiple buffer layers are grown while suppressing

homogeneous particle formation.

[0056] At block 602, a substrate (e.g., sapphire substrate) is provided for the growth of a
group llI-nitride (e.g., GaN, AIN, AlGaN). At block 604, the substrate is loaded on a
substrate carrier into a HVPE system. Then, the initial process conditions for the system
are established at block 606. The process conditions may include setting the pressure
(e.g., 50-800 Torr, 400-450 Torr), setting the nitrogen containing material (e.g, nitrogen
gas, nitrous oxide, ammonia, hydrazine, diimide, hydrazoic acid, etc) to a flow rate
(e.g., 2-10 SLM, 2-4 SLM), and ramping the substrate carrier temperature to a first
temperature (e.g., temperature greater than 900 degrees C, 950-1050 degrees C).
Once the temperature reaches the set point, the substrate is under nitridization for a
time period (e.g., 5-15 minutes) at block 608. After nitridization, the substrate carrier is
cooled down to a second temperature (e.g., temperature less than 900 degrees C, 500-
800 degrees C, 600-700 degrees C) at block 610 for low temperature deposition.

[0057] When the temperature set point is reached, a low temperature group lll-nitride
buffer layer containing aluminum (e.g., AIN, AlGaN) deposition starts at block 612. The
initial layer is grown while suppressing homogenous particle formation (e.g., AN,
AlGaN) based on flowing a halogen gas (e.g., additional chlorine) or a hydrogen halide
(e.g., additional HCI gas) to the growth zone. The process conditions for the buffer layer
deposition may include flowing one or more metal halide precursors (e.g., at least one
aluminum halide containing precursor (e.g., AICI3, AICI, AlBr, AIBr3, All, All3, GaCl,
GaCl3, etc.)) with a carrier gas into the growth zone of the HVPE system at block 612.
An aluminum chloride precursor may be formed by flowing chlorine gas (Cl2) to a metal
source (e.g., an aluminum source) located in separate zone (upstream of the deposition
zone) at a flow rate and time period (e.g., 10-150 sccm for 30 seconds to 5 minutes).
Alternatively, HCI gas is flowed over an Al source to form the aluminum chloride
precursor at a flow rate and time period (e.g., 20-300 sccm for 30 seconds to 5
minutes). The Al source may be solid and have a temperature from 200 degrees C to
the Al melting point temperature (e.g., about 660 degrees C). The Al source may be
liquid and have a temperature greater than the Al melting point temperature. In another
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embodiment, a source of liquid Ga is also used to form a gallium chloride precursor
(e.g., GaCl, GaCl3) in separate zone upstream of the deposition zone.

[0058] At the same or approximately the same time (e.g., 0-1 min before) of the
introduction of the metal halide precursors into the growth zone, a halogen gas (e.g.,
chlorine (CI2) gas) or a hydrogen halide gas (e.g., hydrogen chloride (HCI) gas)flow is
introduced to the growth zone (e.g., 200-1100 sccm, 400-900 sccm) at block 616. After
the metal halide precursors flow is turned off, the halogen gas or hydrogen halide gas
flow can keep flowing for a time period (e.g., 0-5 minutes) at block 618. The initial or
buffer layer is deposited based on the reaction of the ammonia, one or more metal
halide precursors, and a halogen gas or a hydrogen halide gas in the growth zone.

[0059] After the halogen gas or hydrogen halide gas flow is turned off, the temperature
of the substrate carrier starts to ramp to a third temperature (e.g., temperature greater
than 900 degrees C, 980-1080 degrees C) at block 620. During this operation, ammonia
flow switches to 1-12 SLM. Once the substrate carrier reaches the third temperature,
then high temperature group IlI-nitride buffer layer containing aluminum (e.g., AIN,
AlGaN) deposition starts at block 624. The high temperature buffer layer is grown while
suppressing homogenous particle formation (e.g., AIN, AlGaN) based on flowing a
halogen gas or hydrogen halide gas to the growth zone. The process conditions for the
high temperature buffer layer deposition may include flowing one or more metal halide
precursors (e.g., at least one aluminum halide containing precursor (e.g., AlCI3, AICI,
AlBr, AIBr3, All, All3, GaCl, GaCl3, etc.)) with a carrier gas into the growth zone of the
HVPE system at block at block 624. An aluminum chloride precursor may be formed by
flowing chlorine gas (CI2) to a metal source (e.g., an aluminum source) located in
separate zone (upstream of the deposition zone) at a flow rate and time period (e.g., 10-
150 scem for 30 seconds to 5 minutes). Alternatively, HCI gas is flowed over an Al
source to form the aluminum chloride precursor at a flow rate and time period (e.g., 20-
300 scem for 30 seconds to 5 minutes). The Al source may be solid and have a
temperature from 200 degrees C to the Al melting point temperature (e.g., about 660
degrees C). The Al source may be liquid and have a temperature greater than the Al
melting point temperature. In another embodiment, a source of liquid Ga is also used to
form a gallium chloride precursor (e.g., GaCl, GaClI3) in separate zone upstream of the
deposition zone.
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[0060] At the same or approximately the same time (e.g., 0-1 min before) of the
introduction of the metal halide precursors into the growth zone, a halogen gas (e.g.,
chlorine (CI2) gas) or a hydrogen halide gas (e.g., hydrogen chloride (HCI) gas)flow is
introduced to the growth zone (e.g., 200-1100 sccm, 400-900 sccm) at block 626. After
the metal halide precursors flow is turned off, the halogen gas or hydrogen halide gas
flow can keep flowing for a time period (e.g., 0-5 minutes) at block 628. The high
temperature buffer layer is deposited based on the reaction of the ammonia, one or
more metal halide precursors, and a halogen gas or hydrogen halide gas in the growth

zone.

[0061] After the halogen gas or hydrogen halide gas flow is turned off and the buffer
layer formation is completed, the temperature of the substrate carrier ramps to a fourth
temperature (e.g., temperature greater than 900 degrees C, 980-1080 degrees C) at
block 630. Once carrier temperature reaches the fourth temperature, then the Ammonia
flow switches to a flow rate (e.g., 2-20 SLM, 2-4 SLM) at block 632.

[0062] The substrate with buffer layer goes under the second nitridization for a certain
time period (e.g., 10 minutes) at block 634. After the nitridization, the carrier
temperature ramps to a fifth temperature (e.g., temperature of 900 degrees C or higher,
980-1080 degrees C) at block 636. During this operation, ammonia flow switches to 1-
22 SLM. Once the substrate carrier temperature reaches the fifth temperature, chlorine
(ClI2) gas flow over a metal source (e.g., Ga source) is introduced to a flow rate (e.g.,
50-400 sccm) for group ll-nitride growth (e.g., GaN growth) at block 638. After a 3-30
minute deposition, when the desired GaN thickness is achieved, the chlorine gas flow
over the metal source is interrupted and the substrate carrier is cooled down while
flowing ammonia gas to preserve the group llI-nitride layer. In an alternative
embodiment, the chlorine (CI2) flow of operation 638 is replaced with hydrogen chloride
(HCI) flow.

[0063] The crystalline quality of the GaN layers grown on sapphire substrates according
the present disclosure with group IlI-nitride buffer layers containing aluminum deposited
with suppression of homogeneous particle formation is at least comparable to and likely
superior to the highest-quality GaN films grown by MOCVD and HVPE reported in the
literature. Typical full widths at half-maximum (FWHM) of X-ray rocking curve
measurements for the 5-6 um thick GaN films grown on a (0001) sapphire according to
the present disclosure with combination of low temperature AIN and high temperature
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AIN buffers (according with Fig. 5d scheme) are 90-130 arcsec for the on-axis (002)
peak and 230-280 arcsec for the off-axis (102) peak.

[0064] Figure 7a illustrates an X-ray rocking curve for on-axis (002) peak and Figure 7b
illustrates an X-ray rocking curve for an off-axis (102) peak for 4.8 um GaN deposited
on a (0001) sapphire substrate in a HVPE system in accordance with one embodiment.
The GaN is deposited according to the present disclosure with combination of low
temperature AIN and high temperature AIN buffers (according with Fig. 5d scheme) ,
which are grown with suppression of homogeneous particles formation by flowing the
additional chlorine (CI2) gas. The low temperature AIN buffer is deposited on (0001)
sapphire substrate in a HVPE system.

[0065] The reactor conditions will vary by reactor type and design. The three methods
described above for Figures 1, 2, and 6 show only three sets of conditions that have
been found to be useful for the group llI-nitride buffer (that contains aluminum) growth
with suppression of homogeneous formation and subsequent high quality group IlI-
nitride epitaxial layer deposition. Other conditions may also be useful for such growth.

[0066] Note that operations in Figures 1, 2, and 6 may be omitted or additional
operations may be added as desired. The chamber pressures may be different for
nitridation, AIN buffer deposition, AlGaN buffer deposition, and GaN deposition
operations. There are other operations that could vary in the growth process. It has
been found that nitridization of the substrates and nitridization of the group lll-nitride
buffer layers that contains aluminum improve surface morphology for some high quality
group lll-nitride epitaxial layers, and improve crystal quality for other layers. However,
this may or may not be necessary for any particular growth technique.

[0067] Any carrier gas may be used in this application. Typically carrier gases are
nitrogen (N2), hydrogen (H2), argon (Ar) or helium (He), or any combination of these
gases.

[0068] In one embodiment, the Al-containing group IlI-nitride buffers of the present
disclosure can be used for subsequent growth of any nitride alloy composition and any
number of layers or combination thereof, for example, the group llI-nitride thin layers
may include an alloy composition of (Ga, Al, In, B)N semiconductors having a formula

GanAlxInyBzN where 0=n=1, 0=x=1, 0=y=1, 0=z=1 and n+x+y+z=1.
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[0069] Dopants, such as Zn, Fe, Si, Ge, and Mg, are frequently doped into nitride layers.
The incorporation of these and other dopants not specifically listed is compatible with
the practice of this disclosure.

[0070] Structural substrates that may be used for embodiments of the invention include,
but are not limited to, silicon (Si), silicon carbide (SiC), sapphire or other forms of
aluminum oxide (Al203), lithium aluminum oxide (LiAlIO2), lithium gallium oxide
(LiGa0z2), zinc oxide (ZnQ), gallium nitride (GaN), aluminum nitride (AIN), quartz, glass,
gallium arsenide (GaAs), spinel (MgAI204), any combination thereof, any mixture
thereof, or any alloy thereof. The present disclosure may be used for deposition of AIN
(or group lll-nitride semiconductor containing aluminum) in any orientation, e.g., semi-
polar, non-polar, and polar. So, different orientations of the substrates may be used.
The intentional miscut from crystallographic planes of the substrates may be also used
to improve the crystal quality and morphology of nitride layers on the substrates. The
intentional miscut can be used to initiate the 2D growth mode deposition of nitride
layers.

[0071] The present disclosure can also be used for depositing group llI-nitride layers
using any patterned substrates with different patterns geometry. In one embodiment,
the patterned substrate is a (0001) patterned sapphire substrate (PSS). Patterned
sapphire substrates may be extremely useful in the manufacturing of LEDs and LDs
because they increase the light extraction efficiency. Another benefit of using PSS is
possible GaN crystal quality improvement.

[0072] All CVD epitaxial methods where any aluminum halide and ammonia exist in
form of any adduct (ammonia complex of aluminum halides) or separately delivered and
mixed just during a deposition operation to create group Ill-nitride semiconductor
layer(s) containing aluminum may be attributed to containing Al HVPE process. The
present disclosure is related to Al containing HVPE process.

[0073] The aluminum halides contained precursors may be located in the special reactor
zone of the HVPE reactor or contained inside the bubbler (e.g., evaporator) which is
connected by a delivery line to the HVPE reactor. The aluminum halides contained
precursors are maintained at a constant temperature to provide sufficient vapor
pressure of the aluminum halide, which is carried into the premixing zone or in the

deposition zone by carrier gas.
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[0074] The aluminum halides may be generated by a chemical reaction of Al located in
the special reactor zone with halogen gas or hydrogen halide gas. Any halogen or
combination of halogens selected from the group consisting of CI2, Br2, 12 may be used
for reaction with Al to create aluminum monohalides or aluminum trihalides. Any
hydrogen halide or combination of hydrogen halides selected from the group consisting
of HCI, HBr, HI may be used for reaction with Al to create aluminum monohalides or

aluminum ftrihalides.

[0075] A general outline of growth parameters for AIN (or group llI-nitride semiconductor
crystals containing aluminum) deposition is a pressure between 10 Torr and 1000 Torr,
and a temperature between 400 degrees C and 1400 degrees C. The reactor conditions
for group llI-nitride semiconductor compounds containing aluminum (e.g., AIN)
deposition may vary according to individual reactors design and type of aluminum halide
sources (e.g., AICI3, AICI3-NH3, AIBr3 or (AICI3)-nNH3, AICI).

[0076] Figure 8 is a schematic sectional view of an HVPE apparatus 800 which can be
used to deposit group lll-nitride layers (e.g., GaN, AIN, AlGaN, AION) formed using the
processes described herein. The HVPE apparatus 800 includes a chamber 802
enclosed by a lid 804. The chamber 802 and the lid 804 define a processing zone (or
growth zone) 807. A showerhead 806 is disposed in an upper region of the processing
zone 807. A susceptor 814 is disposed opposing the showerhead 606 in the processing
zone 807. The susceptor 814 is configured to support a plurality of substrates 815
thereon during processing. In one embodiment, the substrates 815 are disposed on a
substrate carrier 816 which is supported by the susceptor 814. The susceptor 614 may
be rotated by a motor 860, and may be formed from a variety of materials, including SiC
or SiC-coated graphite.

[0077] In one embodiment, the HVPE apparatus 800 includes a heating assembly 828
configured to heat the substrates 815 on the susceptor 814. In one embodiment,
chamber bottom 802A is formed from quariz and the heating assembly 828 is a lamp
assembly disposed under the chamber bottom 802A to heat the substrates 815 through
the quartz chamber bottom 802A. In one embodiment, the heating assembly 828
includes an array of lamps that are distributed to provide a uniform temperature
distribution across the substrates, substrate carrier, and/or susceptor.

[0078] The HVPE apparatus 800 further includes precursor supplying pipes 822, 824
disposed inside the side wall 808 of the chamber 802. The pipes 822 and 824 are in
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fluid communication with the processing zone 807 and an inlet tube 821 found in a
precursor source module 832. The showerhead 806 is in fluid communication with the
processing zone 807 and a first gas source 810. The processing zone 807 is in fluid
communication with an exhaust 851 through an outlet 826.

[0079] The HVPE apparatus 800 further includes a heater 830 embedded within the
walls 808 of the chamber 802. The heater 830 embedded in the walls 808 may provide
additional heat if needed during the deposition process. A thermocouple may be used to
measure the temperature inside the processing chamber. Output from the thermocouple
may be fed back to a controller 841 that controls the temperature of the walls of the
chamber 802 by adjusting the power delivered to the heater 830 (e.g., resistive heating
elements) based upon the reading from a thermocouple (not shown). For example, if the
chamber is too cool, the heater 630 will be turned on. If the chamber is too hot, the
heater 830 will be turned off. Additionally, the amount of heat provided from the heater
830 may be controlled so that the amount of heat provided from the heater 830 is
minimized.

[0080] Processing gas from the first gas source 810 is delivered to the processing zone
807 through the gas distribution showerhead 806. In one embodiment, the first gas
source 810 is an ammonia gas source. In one embodiment, the first gas source 810 is
configured to deliver a gas that includes ammonia or nitrogen. In one embodiment, an
inert gas (e.g., He, Ar, N2) may be introduced as well either through the gas distribution
showerhead 606 or through the pipe 624, disposed on the walls 808 of the chamber
802. In one embodiment, chlorine gas may be introduced through the pipe 824,
disposed on the walls 608 of the chamber 802. An energy source 812 may be disposed
between the first gas source 810 and the gas distribution showerhead 806. In one
embodiment, the energy source 812 may include a heater or a remote RF plasma

source.

[0081] The source module 832 includes a halogen or hydrogen halide gas source 818
connected to a well 834A of a source boat and an inert gas source 634 connected to the
well 634A. A source material 823, such as aluminum, gallium or indium, is disposed in
the well 834A. A heating source 820 surrounds the source boat. An inlet tub 621
connects the well 834A to the processing zone 807 via the pipes 822, 824.

[0082] In one embodiment, during processing a halogen gas (e.g., Cl2, Br2 or 12) is
delivered from the halogen gas source 818 to the well 834A of the source boat to create
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a metal halide precursor gas. In one embodiment, during processing a hydrogen halide
gas (e.g., HCI, HBr or HI) is delivered from the hydrogen halide gas source 818 to the
well 834A of the source boat to create a metal halide precursor gas. The interaction of
the halogen gas or hydrogen halide gas and the solid or liquid source material 823
allows a metal halide precursor to be formed. In one embodiment, the metal halide gas
is a group Il metal halide gas, such as gallium chloride (e.g., GaCl, GaClI3), indium
chloride (e.g., InCI3) or aluminum chloride (e.g., AICI3, AICI). The source boat may be
heated by the heating source 820 to heat the source material 823 and allow the metal
halide precursor to be formed. The metal halide precursor is then delivered to the
processing zone 807 of the HVPE apparatus 800 through an inlet tube 821. In one
embodiment, an inert gas (e.g., Ar, He, N2) delivered from the inert gas source 834 is
used to carry, or push, the metal halide precursor formed in the well 834A through the
inlet tube 821 and pipes 822 and 824 to the processing zone 807 of the HVPE
apparatus 800. An ammonia gas (NH3) may be introduced into the processing zone 607
through the showerhead 606, while the metal halide precursor is also provided to the
processing zone 807, so that a group llI-nitride layer can be formed on the surface of
the substrates 815 disposed in the processing zone 807.

[0083] In another embodiment, one or more substrates may be provided in a one
chamber first to form a group llI-nitride layer that contains aluminum, and then move to
a different chamber within a tool for subsequent processing. Figure 9 is a cluster tool
900 may be used in a process according to one embodiment of the present disclosure.
The cluster tool 900 is configured to form nitride compound structures.

[0084] In one embodiment, the cluster tool 1600 includes one HVPE chamber 1602 and
multiple MOCVD chambers 1603a and 1603b connected to a transfer chamber 1606 for
fabricating compound nitride semiconductor devices according to embodiments
described herein. Although one HVPE chamber 1602 and two MOCVD chambers
1603a and 1603b are shown, it should be understood that any combination of one or
more MOCVD chambers with one or more HVPE chambers may also be coupled with
the transfer chamber 1606. For example, in one embodiment, the cluster tool 1600 may
include 3 MOCVD chambers It should also be understood that although a cluster tool is
shown, the embodiments described herein may also be performed using a linear
processing system.
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[0085] In one embodiment, an additional chamber 1604 is coupled with the transfer
chamber 1606. The additional chamber 1604 may be an MOCVD chamber, an HVPE
chamber, a metrology chamber, a degassing chamber, an orientation chamber, a cool
down chamber, a pretreatment/preclean chamber, a post-anneal chamber, or the like. In
one embodiment, the transfer chamber 1606 is six-sided and hexagonal in shape with
six positions for process chamber mounting. In another embodiment, the transfer
chamber 1606 may have other shapes and have five, seven, eight, or more sides with a

corresponding number of process chamber mounting positions.

[0086] The HVPE chamber 1602 is adapted to perform HVPE processes in which
gaseous metal halides are used to epitaxially grow layers of compound nitride
semiconductor materials on heated substrates. The HVPE chamber 1602 includes a
chamber body 1614 where a substrate is placed to undergo processing, a chemical
delivery module 1618 from which gas precursors are delivered to the chamber body
1614, and an electrical module 1622 that includes the electrical system for the HVPE
chamber of the cluster tool 1600. In one embodiment, the HVPE chamber 1602 may be
similar to the HVPE apparatus 600 described in Figure 7.

[0087] Each MOCVD chamber 1603a, 1603b includes a chamber body 1612a, 1612b
forming a processing region where a substrate is placed to undergo processing, a
chemical delivery module 1616a, 1616b from which gases such as precursors, purge
gases, and cleaning gases are delivered to the chamber body 1612a, 1612b and an
electrical module 1620a, 1620b for each MOCVD chamber 1603a, 1603b that includes
the electrical system for each MOCVD chamber of the cluster tool 1600. Each MOCVD
chamber 1603a, 1603b is adapted to perform CVD processes in which metalorganic
precursors (e.g., TMG, TMA) react with metal hydride elements to form layers of

compound nitride semiconductor materials.

[0088] The cluster tool 1600 further includes a robot assembly 1607 housed in the
transfer chamber 1606, a load lock chamber 1608 coupled with the transfer chamber
1606, a batch load lock chamber 1609, for storing substrates, coupled with the transfer
chamber 1606. The cluster tool 1600 further includes a load station 1610, for loading
substrates, coupled with the load lock chamber 1608. The robot assembly 1607 is
operable to pick up and transfer substrates between the load lock chamber 1608, the
batch load lock chamber 1609, the HVPE chamber 1602, and the MOCVD chambers
1603a, 1603b. In one embodiment, the load station 1610 is an automatic loading station
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configured to load substrates from cassettes to substrate carriers or to the load lock
chamber 1608 directly, and to unload the substrates from substrate carriers or from the
load lock chamber 1608 to cassettes.

[0089] The transfer chamber 1606 may remain under vacuum and/or at a pressure
below atmosphere during the process. The vacuum level of the transfer chamber 1606
may be adjusted to match the vacuum level of corresponding processing chambers. In
one embodiment, the transfer chamber 1606 maintains an environment having greater
than 90% N2 for substrate transfer. In another embodiment, the transfer chamber 1606
maintains an environment of high purity NH3 for substrate transfer. In one embodiment,
the substrate is transferred in an environment having greater than 90% NH3. In another
embodiment, the transfer chamber 1606 maintains an environment of high purity H2 for
substrate transfer. In one embodiment, the substrate is transferred in an environment

having greater than 90% H2.

[0090] The cluster tool 1600 further includes a system controller 1660 which controls
activities and operating parameters. The system controller 1660 includes a computer
processor and a computer-readable memory coupled to the processor. The processor

executes system control software, such as a computer program stored in memory.

[0091] In one embodiment, one of the processing chamber 1602, 1603a, 1603b, or 1604
is configured to form a group lll-nitride layer that contains aluminum according to
methods described above prior to forming device structures. The group IlI-nitride layer
that contains aluminum or several group llI-nitride layers deposited on substrates
according to methods described above are then transferred to one or more deposition
chambers to deposit the subsequent layers used to form the LED or LD structures. In
one embodiment, the group llI-nitride buffer layer that contains aluminum may be
deposited on substrates and/or covered with a lll-nitride layers (e.g., undoped GaN
layer, n-doped GaN layer) in the HVPE processing chamber 1602, then moved to
MOCVD processing chambers 1603a or/and 1603b for forming group lll-nitride layers
for the device structure (e.g., n-doped GaN layer, AlGaN layer, MQW structure, p-doped
AlGaN layer, p-doped GaN layer). In another embodiment, the group IlI-nitride buffer
layer that contains aluminum may be deposited on substrates in the HVPE processing
chamber 1602, then moved to MOCVD processing chambers 1603a or/and 1603b for
forming subsequent layers for the device structure.
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[0092] Figure 10 illustrates a cross-sectional view of a power electronics device in
accordance with one embodiment. The power electronic device 1200 may include an N
type region 1210 (e.g., electrode), ion implanted regions 1212 and 1214, an epitaxial
layer 1216 (e.g., N type GaN epi layer with a thickness of 4 microns), a buffer layer
(e.g., N+ GaN buffer layer with a thickness of 2 microns), a substrate 1220 (e.g., N+
bulk GaN substrate, silicon substrate), and an ohmic contact (e.g., Ti/Al/Ni/Au). The
device 1200 may include one or more layers of GaN disposed on a GaN substrate or a
silicon substrate. The device (e.g., power IC, power diode, power thyristor, power
MOSFET, IGBT, GaN HEMT transistor) may be used for switches or rectifiers in power

electronics circuits and modules.

[0093] It is to be understood that the above description is intended to be illustrative, and
not restrictive. Many other embodiments will be apparent to those of skill in the art upon
reading and understanding the above description. Although the present disclosure has
been described with reference to specific exemplary embodiments, it will be recognized
that the invention is not limited to the embodiments described, but can be practiced with
modification and alteration. Accordingly, the specification and drawings are to be

regarded in an illustrative sense rather than a restrictive sense.
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CLAIMS
What is claimed is:

1. A method, comprising:

providing a substrate in a processing chamber of a hydride vapor phase epitaxy
processing system;

forming an aluminum nitride (AIN) buffer layer by flowing ammonia gas into a
growth zone of the processing chamber, and

flowing an aluminum halide containing precursor to the growth zone, and at the
same time flowing hydrogen halide gas into the growth zone of the processing chamber
to suppress homogeneous formation of AIN particles; and

forming a group llI-nitride layer over the buffer layer.

2. The method of claim 1, wherein the AIN buffer layer comprises an initial layer or a

nucleation layer.

3. The method of claim 1, wherein the group llI-nitride layer comprises at least one of a
gallium nitride (GaN) layer, an aluminum nitride (AIN) layer, and an aluminum gallium
nitride (AlGaN) layer.

4. The method of claim 1, wherein the aluminum halide containing precursor comprises

an aluminum chloride gas.

5. The method of claim 1, wherein the hydrogen halide gas comprises a hydrogen
chloride (HCI) gas.

6. The method of claim 1, further comprising:

stopping the flow of the aluminum halide containing precursor while continuing to
flow the hydrogen halide gas and ammonia into the growth zone of the processing
chamber for a time period.

7. The method of claim 4, wherein the aluminum chloride gas is formed by exposing an
aluminum metal source to a processing gas comprising chlorine (CI2) gas.
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8. The method of claim 4, wherein the aluminum chloride gas is formed by exposing an
aluminum metal source to a processing gas comprising hydrogen chloride (HCI) gas.

9. The method of claim 1, wherein the group llI-nitride layer is formed by reacting at
least one metal halide containing precursor and ammonia gas, wherein the metal halide
containing precursor comprises at least one of an aluminum trichloride (AICI3)
precursor, an aluminum monochloride (AICI) precursor, an aluminum tribromide (AIBr3)
precursor, a gallium monochloride (GaCl) precursor, and a gallium trichloride (GaCl3)

precursor.

10. A method, comprising:

providing a substrate in a processing chamber of a hydride vapor phase epitaxy
processing system; and

forming an aluminum nitride (AIN) buffer layer by flowing ammonia gas into a
growth zone of the processing chamber, flowing an aluminum halide containing
precursor to the growth zone, and at the same time flowing halogen gas into the growth
zone of the processing chamber;

stopping the flow of the aluminum halide containing precursor while continuing to
flow the halogen gas and ammonia into the growth zone of the processing chamber for
a time period; and

forming a group llI-nitride layer over the buffer layer.

11. The method of claim 10, wherein the AIN buffer layer comprises an initial layer or a

nucleation layer.

12. The method of claim 10, wherein the group lll-nitride layer comprises at least one of
a gallium nitride (GaN) layer, an aluminum nitride (AIN) layer, and an aluminum gallium
nitride (AlGaN) layer.

13. The method of claim 10, wherein the aluminum halide containing precursor
comprises an aluminum chloride (e.qg., AlCI3, AICI) gas, wherein the aluminum chloride
gas is formed by exposing an aluminum metal source to a processing gas comprising
chlorine (CI2) gas, wherein the aluminum chloride gas is formed by exposing an
aluminum metal source to a processing gas comprising hydrogen chloride (HCI) gas.
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14. The method of claim 10, wherein the halogen gas that is flowed into the growth zone

suppresses homogeneous formation of AIN particles.

15. The method of claim 10, wherein the group lll-nitride layer is formed by reacting at
least one metal halide containing precursor and ammonia gas, wherein the metal halide
containing precursor comprises at least one of an aluminum trichloride (AICI3)
precursor, an aluminum monochloride (AICI) precursor, an aluminum tribromide (AIBr3)
precursor, a gallium monochloride (GaCl) precursor, and a gallium trichloride (GaCl3)

precursor..
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