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SINGLE STEP PROCESS FOR EPITAXIAL
LATERAL OVERGROWTH OF NITRIDE
BASED MATERIALS

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims priority, under 35 USC 119 (e), on
U.S. Provisional Application No. 60/157,047, filed Oct. 1,
1999.

This invention was made with Government support from
the Advanced Research Projects Agency (ARPA) under
Contract No. DABT63-95-C-0121. The Government has
certain rights in the invention.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates in general to a process for
growth of nitride based materials on patterned substrates
formed from SiC, sapphire and other materials.

2. Description of the Background Art

Since the report of improved performance and reliability
of GaN-based laser diodes grown on epitaxial lateral over-
grown (ELO) GaN on sapphire, there has been considerable
interest in the deposition process and characterization of
nitride materials grown in this fashion. It has been estab-
lished that dislocation free GaN materials, within the obser-
vation limits of transmission electron microscopy (TEM),
can be obtained in severely mismatched systems in regions
where lateral overgrowth occurs. In these studies, SiO,
masks are patterned on planar heteroepitaxial GaN growth
surfaces formed by the deposition of relatively standard
nucleation layers on either SiC or sapphire substrates. A
multiple growth temperature Organometallic Vapor Phase
Epitaxial (OMVPE) process is used regardless of the choice
of substrate. Once the planar GaN surface is realized after an
initial growth step, the SiO, mask is deposited and
patterned, and the substrate is returned to the OMVPE
reactor for a second regrowth step.

A drawback to this process is the need to remove the
substrate from the reactor chamber during the mask depo-
sition and patterning process, and then return the substrate to
the chamber for the subsequent regrowth step. However,
these steps cannot be eliminated because the GaN will grow
on the masking material if attempted directly on a patterned
substrate in a single step. This is due to the commonly
accepted nucleation schemes employed, which initiates
GaN-based crystal growth at temperatures in the range of
400-600° C. This approach deposits an amorphous film on
both the masking material and the window opening that
requires re-crystallization at higher temperatures, typically
above 1000° C. This conformal coating does not allow
lateral overgrowth to take place and is therefore undesirable.

SUMMARY OF THE INVENTION

The present invention overcomes the drawbacks to the
regrowth technique through provision of a single nucleation
step process for growth of ELO materials on lattice mis-
matched substrates. The regrowth step is avoided by initi-
ating the growth process on substrates that have a mask layer
formed directly on them, rather than on an initial growth
layer. The masked substrates are exposed to an ELO growth
process wherein a first layer of nitride based material is
grown in the mask openings, thereby forming nucleation
sites on the substrate. Then, either continued growth of the
layer, or growth of an additional layer of nitride based
material material occurs until a planar surface is formed.
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In a preferred embodiment, an SiC, sapphire or other
suitable material substrate is first patterned with an mask
layer, preferably formed of Si;N,. The SizN, mask material
is preferred for this process because AlGaN used in a
subsequent nucleation step is less likely, through thermody-
namic arguments, to grow on the masked surface than the
more commonly used SiO, mask. The patterning forms rows
of apertures or window openings for subsequent growth of
nitride based materials, including GaN, InN, AIN or their
related alloys, until a planar film is achieved.

The ELO growth process is preferably carried out by any
conventional epitaxial growth technique in a reactor cham-
ber at a temperature of 700-1100° C. The high temperature
is important to insure that initial material growth will only
occur in the mask openings. First, the nucleation step is
carried out by growing a layer of nitride based material
preferably AlGaN, in the mask openings until lateral over-
growth occurs such that a mushroom shaped cap is formed
above each of the openings that overlaps the mask. The
growth process is then continued, preferably by forming a
layer of GaN or other nitride based material that covers the
AlGaN caps, and gradually spreads up and out (growing
laterally) until the adjacent rows of growth merge into a
single layer. Eventually, continued growth of the GaN layer
results in formation of a planar GaN surface that is now
suitable for use as a substrate for GaN based devices.

BRIEF DESCRIPTION OF THE DRAWINGS

The foregoing and other features and advantages of the
present invention will become apparent from the following
detailed description of a preferred embodiment thereof taken
in conjunction with the accompanying drawings, in which:

FIGS. 1-5 are schematic illustrations of a nitride based
material structure fabrication process in accordance with a
preferred embodiment of the present invention, with FIG. 1
showing a substrate after an initial masking step;

FIG. 2 showing the substrate after growth of a nucleation
layer thereon;

FIG. 3 showing initial growth of a nitride based material
layer on the nucleation layer;

FIG. 4 showing continued growth of the nitride based
material layer where adjacent portions of the layer merge
together; and,

FIG. 5 showing a finished structure with a planar surface.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

Turning now to a more detailed consideration of the
invention, FIGS. 1-5 show the various steps that are carried
out to form a planar, nitride based material surface on a
patterned substrate in accordance with a preferred embodi-
ment of the invention. Referencing first FIG. 1, a substrate
10, preferably formed of SiC, sapphire, or other material that
is lattice mismatched to a nitride based material to be grown
thereon, is first patterned by being coated with a mask layer
12, preferably formed from a thin (e.g., 700 A thick)
Si;N,film using plasma enhanced chemical vapor deposition
(PECVD). The mask layer 12 is preferably patterned using
standard photolithographic techniques in arrays of stripes
consisting of a plurality of spaced openings 13. In experi-
ments conducted to test the process of the present invention,
the openings 13 were selected to be 2 yum in diameter on a
12 um pitch form one another. The narrow openings were
chosen to minimize ridge growth at the mask edges from
lateral vapor diffusion, resulting in flat (0001) growth sur-
faces.
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Next, the patterned substrate 10 is subjected to an ELO
growth process. In the preferred embodiment, the ELO
process is carried out in a reactor at a fixed susceptor
temperature of between 700 and 1100° C. with hydrogen and
ammonia mixtures as the carrier gas in a quartz reaction cell
or chamber maintained at low pressure (e.g., 76 torr). The
high temperature is important to insure that growth will not
initially occur on the surfaces of the mask 12. It should also
be noted, that the crystal growth can be carried out by any
conventional means such as organometallic vapor phase
epitaxy, molecular beam epitaxy, or atomic layer epitaxy.
Techniques can involve flow (beam) modulation, growth at
atmospheric or reduced pressures, as well as various pre-
cursor chemistries that are widely accepted in the industrial
and research communities.

In the preferred embodiment, an AlGaN nucleation layer
14 is first deposited to a thickness of roughly 2000 A. This
layer insures smooth growth in the mask openings 13 by
uniformly wetting the exposed portions of the substrate 10.
In the experiments, the Al Ga; N (x less than or equal to
0.3) was not observed to nucleate on the Si;N, mask 12 in
contrast to experiments carried out simultaneously on sub-
strates using a PECVD SiO, mask. The AlGaN deposition
on the SiO, mask can be explained by thermodynamic
arguments for the reaction between Al and SiO,. This
explains the success of SiO, masks in homoepitaxial GaN
ELO using the prior art regrowth method, and why SiO, is
unsuitable for Al bearing alloys. In addition, measured
Al Ga,_ N (x less than or equal to 0.3) migration lengths,
taken to be the average distance over the mask from a
patterned edge to polycrystalline deposits, increased from
about 85 um to 150 um for growth on SiO, and Si;N,
respectively, indicating that AlGaN reacts more readily with
Si0,.

A minimal Al content in the AlGaN is required for
successful nucleation, and differs slightly between SiC and
sapphire substrates. In particular, a minimum of 6% and
15% aluminum content is required for growth on SiC and
sapphire substrates, respectively. An upper limit on the
aluminum content has not been established, but is conceiv-
able to be applicable up to 100% aluminum, resulting in pure
AIN as the starting nucleation layer 14. In addition, it is
envisioned that other nitride based materials can be used in
the nucleation layer 14, including GaN, InN and their alloys.

When optimal nucleation conditions are met, atomically
smooth AlGaN growth occurs within the first several hun-
dred angstroms across the entire window opening 13, pro-
viding the needed crystalline structure for subsequent GaN
deposition. As illustrated in FIG. 2, lateral overgrowth
occurs as the AlGaN layer 14 is grown, thereby resulting in
a mushroom shaped cap, or truncated trapezoid structure. In
the experiments on the invention, no ridge growth was
observed at the mask edges, resulting in flat (0001) growth
surfaces. In addition, the top surface of the cap was atomi-
cally flat across the entire structure. Threading dislocations
densities near 10° cm™ were estimated from AFM images,
with no noticeable defect density reduction in the 2000 A
AlGaN ELO regions.

Insufficient Al composition (below 6% on SiC and 15%
on sapphire) in the nucleation layer 14 results in three
dimensional growth over the window openings 13, but still
produces ELO regions with smooth (0001) surfaces over the
mask 12. The ELO located at the mask edges is caused by
a localized increase in Al incorporation caused by lateral
diffusion over the mask 12, and/or preferential nucleation
near the mask sidewalls. Thereby, achieving the minimal
required Al composition (approximately 15%) is necessary
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for smooth growth on the bare sapphire substrate 10. The
average thickness of the rough growth over the mask open-
ings 13 is about 100 nm less than the side ELO regions. If
growth is continued, the thicker ELO regions will eventually
grow laterally over the opening region, producing a planar
film over a very defective section.

The irregularity of the <1101> sidewalls noted during the
experiments is caused by damage to the mask 12, and is
present using either the single step process with an AlGaN
nucleation layer or the prior art regrowth process using GaN
only on a patterned GaN buffer layer. This eliminates the
possibility of damage from Al reacting with the mask
sidewalls during initial stages of growth. The mask 12 is
most likely being damaged in the lift-off process, or by the
substrate preparation prior to growth.

After the nucleation layer 14 is grown and the mushroom
shaped caps are formed thereby, a layer of nitride based
material 16, preferably GaN, is then deposited on the
optimized AlGaN ELO structures as illustrated in FIGS.
3-5. Growth continues both laterally and vertically retaining
the original trapezoidal shape of the nucleation layer 14 with
a vertical to lateral growth rate of around 1:1.5. In the
experiments, the V/III ratio was doubled to 1800 during the
GaN growth as the lateral growth rate is reported to increase
with ammonia flow. Flow modulation was accomplished by
rotating the substrates through a group-III (triethylgallium
and trimethylaluminum in our case) rich growth zone result-
ing in roughly a 25% duty cycle, while a background of
ammonia is supplied for the remaining rotation period. By
using this growth technique, the process is easily scalable for
multi-wafer runs.

For comparison purposes, a GaN homoepitaxial lateral
overgrowth sample was grown on a patterned GaN buffer
layer. In this case, a planar 1 um GaN buffer layer on
6H—SiC was coated with 700 A of Si;N,, patterned, and
then subjected to a GaN regrowth step. The growth features
were found to be nearly identical to those achieved with the
one step nucleation process of the present invention. AFM
studies showed threading dislocation densities in the mid
10%cm™> for regions over the mask openings, and no defects
observable in the relatively narrow (0001) ELO regions for
both growth methods. This verifies that the single step
nucleation process produces similar defect reductions as the
convention regrowth methods. In both cases, no growth was
observed on the Si;N, mask 12.

If growth of the nitride based material layer 16 is allowed
to proceed, the trapezoidal structures begin to merge into
each other as illustrated in FIG. 4, and then eventually
coalesce into a planar film after roughly 5 gm of deposition
in the (0001) direction as illustrated in FIG. 5. The <1101>
sidewalls meet, resulting in a void free merging of the two
ELO regions. Also, in the experiments, no voids were
detected over the window opening, that are usually present
if the Al composition of the nucleation layer is too low.
Bi-layer stepped surfaces were observed over the entire ELO
regions. Being on sapphire, the threading defect density is
usually higher than on SiC substrates, and was estimated
from AFM images to be 10° cm™ above the window
openings. Examining ELO regions over a 16 mm? area, the
threading dislocation densities were estimated to be reduced
below 10° cm™. There was also a +30 A ripple across the
surface which peaks over the window openings and at a
minimum where the two ELO growth regions meet. The
planarized film still had a signature of the trapezoidal growth
features merging in the center of the masked area. Further
deposition would must likely minimize or eliminate this

ripple.
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In summary, the experiments confirm that by applying the
single step nucleation process to patterned SiC and sapphire
substrates, similar defect reduction can be obtained by GaN
lateral overgrowth as in conventional regrowth techniques.
A high temperature AlGaN nucleation layer is used, which
wets the exposed substrate with minimal deposition on the
Si;N, mask. Subsequent AlGaN or GaN growth produced
atomically flat surfaces over both the window opening and
mask regions. GaN ELO grown in stripes (2 um openings on
12 um centers) oriented along the <1100> direction pro-
duced truncated trapezoid structures that eventually coa-
lesced into planar films after roughly 5 pum of vertical (0001)
growth. Threading dislocations were estimated from AFM
images to be close to 10° cm™ above the window opening
and less than 10° cm™ over the masked regions. This single
step ELO process yields comparable defect reduction to the
conventional regrowth techniques commonly used. Materi-
als grown by this method exhibit similar growth features and
materials quality as those grown with the conventional
method requiring regrowth, yet the process is greatly sim-
plified.

Although the invention has been disclosed in terms of a
preferred embodiment and variations thereon, it will be
understood that additional modifications and variations
could be made thereto without departing from the scope of
the invention as defined in the following claims. For
example, as noted above, it is envisioned that the single step
nucleation process can be employed with numerous nitride
based materials. In addition, the nucleation layer 14 and the
nitride based material layer 16 can be formed of the same
material, in which case, the entire growth can occur in a
single step, and the two layers 14 and 16 would effectively
be combined into a single layer.

What is claimed is:

1. A method for growing a planar surfaced nitride based
material on a lattice mismatched substrate comprising the
steps of:

a) providing a substrate formed from a first material;

b) forming a patterned mask layer on said substrate, said
mask layer having a plurality of openings disposed
therein;

¢) growing a first, nucleation layer of nitride based
material in said openings and on said substrate until
said layer grows laterally over a portion of said mask
layer, said nitride based material being lattice mis-
matched with said first material, such nucleation layer
being grown at a temperature of 700—1100 degrees C.;
and

d) growing a second layer of nitride based material on said
nucleation layer until a top surface of said second layer
becomes planar.

2. The method of claim 1, wherein said substrate is

selected to be formed from SiC or sapphire.

3. The method of claim 1, wherein said mask layer is
selected to be formed from silicon nitride.

4. The method of claim 1, wherein said nucleation layer
is formed from a material selected from the group compris-
ing GaN, InN, AIN and their alloys.

5. The method of claim 4, wherein said nucleation layer
is formed from AlGaN.

6. The method of claim 1, wherein said second layer is
formed from a material selected from the group comprising
GaN, InN, AIN, and their alloys.

7. The method of claim 6, wherein said second layer is
formed from GaN.

8. The method of claim 1, wherein said nucleation layer
is formed from AlGaN and said second layer is formed from
GaN.

9. The method of claim 8, wherein said substrate is
formed from SiC, and said AlGaN nucleation layer contains
at least 6% Al.
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10. The method of claim 8, wherein said substrate is
formed from sapphire, and said AlGaN nucleation layer
contains at least 15% Al.

11. A structure for formation of nitride based semicon-
ductor devices comprising:

a) a substrate formed of a first material;

b) a mask layer formed on said substrate, and having a
plurality of openings formed therein;

¢) a first, nucleation layer formed of nitride based material
that is lattice mismatched with said first material, and
is grown in said openings and on said substrate, and
includes a plurality of laterally overgrown portions
extending over at least a portion of said mask layer; and

d) a second layer formed of a nitride material that is
laterally overgrown over said first layer and said mask
layer, and includes a planar top surface.

12. The structure of claim 11, wherein said substrate is

formed from SiC or sapphire.

13. The structure of claim 11, wherein said first and
second layers are formed from materials selected from the
group comprising GaN, InN, AIN and their alloys.

14. The structure of claim 13, wherein said nucleation
layer is formed from AlGaN, and said second layer is formed
from GaN.

15. The structure of claim 14, wherein said substrate is
formed from SiC, and said nucleation layer is formed from
AlGaN that includes at least 6% Al.

16. The structure of claim 14, wherein said substrate is
formed from SiC, and said nucleation layer is formed from
AlGaN that includes at least 15% Al.

17. A method for growing a planar surfaced nitride based
material on a lattice mismatched substrate comprising the
steps of:

a) providing a substrate formed from a first material;

b) forming a patterned mask layer on said substrate, said
mask layer having a plurality of openings disposed
therein;

¢) growing a layer of nitride based material in said
openings and on said substrate until said layer grows
laterally over a portion of said mask layer, said nitride
based material being lattice mismatched with said first
material, such layer being grown at a temperature of
700-1100 degrees C.; and

d) continuing growth of said layer until a top surface

thereof becomes planar.

18. The method of claim 17, wherein said substrate is
formed from SiC or sapphire and said nitride based layer is
formed from material selected from the group comprising
GaN, InN, AIN and their alloys.

19. A structure for formation of nitride based semicon-
ductor devices comprising:

a) a substrate formed of a first material;

b) a mask layer formed on said substrate, and having a
plurality of openings formed therein; and
¢) a layer formed of nitride based material that is lattice
mismatched with said first material, said layer being
grown in said openings and on said substrate, including
a plurality of laterally overgrown portions extending
over said mask layer, and having a planar top surface.
20. The structure of claim 19, wherein said substrate is
formed from SiC or sapphire and said nitride based layer is
formed from material selected from the group comprising
GaN, InN, AIN and their alloys.
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