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CUBIC PHASE, NITROGEN-BASED
COMPOUND SEMICONDUCTOR FILMS
EPITAXTALLY GROWN ON A GROOVED SI
<001> SUBSTRATE

RELATED APPLICATIONS

This invention claims U.S. domestic priority under 35
U.S.C. 119 to provisional application No. 61/146,034 filed
Jan. 21, 2009, which is herein incorporated by reference in its
entirety.

FEDERALLY SPONSORED RESEARCH

This invention was made with government support under
Contract No. HR0011-05-1-0006 awarded by the Defense
Advanced Research Projects Agency (DARPA). The U.S.
Government has certain rights in this invention.

FIELD OF THE INVENTION

This invention relates to the field of semiconductor manu-
facture, and more particularly for a method and structure used
to form an epitaxial layer over a semiconductor substrate.

BACKGROUND OF THE INVENTION

Epitaxial layers (epilayers) formed over a semiconductor
substrate are useful as a material in the engineering, develop-
ment, and production of semiconductor devices. Interest in
Nitrogen-based semiconductors such as gallium nitride
(GaN), indium nitride (InN), and indium gallium nitride (In-
Ga, N) is increasing in the field of semiconductor device
physics. A bandgap corresponding to optical emission from
these nitrogen-based compound semiconductors covers the
wavelengths ranging from ultraviolet to infrared light, imply-
ing potential for application to photonics and high-power
electronics. Generally, these semiconductors have two crystal
structures: hexagonal (wurzite) phase and cubic phase. While
the crystal structure formed depends on growth conditions
and substrate crystal structures and orientations, hexagonal
phase thin films are generally energetically more stable and
have better quality than cubic phase films. However, the pref-
erence for hexagonal phase thin films is largely due to the
constraints of current epitaxy technologies, and these are
therefore more widely used in semiconductor industries.

Cubic phase nitrogen-based compound semiconductor
materials have many important and interesting characteristics
which are potentially superior to those of hexagonal phase
materials for device applications. These qualities include a
high electron mobility, higher electrical activation in p-type
heavy doping, improved ohmic electrical contacts and cleav-
ing along <110> faces for fabricating the mirror facets of laser
diodes, and elimination of the built-in field associated with
strain and the piezoelectric effect found with the commonly
used crystal planes of wurzite films. Furthermore, cubic
phase GaN on Si <001> which is the most common substrate
orientation, and the ready availability of inexpensive, large-
area (300 mm diameter), nearly defect free silicon <001>
substrates, could impact semiconductor industries as a result
of the possible integration of GaN-related devices with sili-
con microelectronics.

A method for forming a cubic phase, nitrogen-based com-
pound semiconductor film using epitaxy, and a resulting
semiconductor device comprising the structure, would be
desirable.
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2
SUMMARY OF THE EMBODIMENTS

Present embodiments provide methods for forming epi-
taxial cubic phase materials on semiconductor substrates and
devices incorporating these epitaxial cubic phase materials.

In an embodiment of the invention, a method for forming
an epitaxial layer comprises forming a groove in a semicon-
ductor substrate and growing an epitaxial layer in the groove
of'the substrate. The epitaxial layer can comprise a first crys-
tal structure and a second crystal structure different from the
first crystal structure. During the growing of the epitaxial
layer, growth of the first crystal structure can be blocked with
a mask structure. The second crystal structure can be grown
through an opening in the mask structure.

In another embodiment, a method of forming a semicon-
ductor device comprises forming a groove within a semicon-
ductor substrate, forming a mask structure comprising an
overhang structure and an opening therein over the semicon-
ductor substrate, and growing an epitaxial layer from the
groove in the semiconductor substrate. The epitaxial layer
comprises hexagonal phase material and cubic phase mate-
rial. Growth of the hexagonal phase material is blocked with
the overhang structure, wherein the cubic phase material
grows through the opening in the mask layer.

Inanother embodiment, a semiconductor device comprises
a semiconductor substrate having a groove therein, a mask
layer having an opening therein overlying the semiconductor
substrate, and an epitaxial layer comprising a first crystal
structure and a second crystal structure different from the first
crystal structure. The second crystal structure extends
through the opening in the mask layer.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate embodi-
ments of the invention and together with the description,
serve to explain the principles of the invention. In the figures:

FIG. 1 is a material phase map of a cross section of a
transmission electron microscope (XTEM) image of a single
groove of a 75-nm thick as-grown GaN sample depicting
regions of hexagonal and cubic crystals separated by highly
defected stacking fault regions;

FIG. 2 is a material phase map of a cross section of an
XTEM image of a 600-nm thick GaN sample grown on a
V-shaped grooved silicon surface;

FIGS. 3a-3e are cross sections depicting one embodiment
of a method which can be used to form grooves and an
overhang structure during the formation of an epilayer
according to present teachings;

FIGS. 4a-4e are cross sections depicting another embodi-
ment of a method which can be used to form grooves and an
overhang structure during the formation of an epilayer,
according to present teachings;

FIGS. 5a-5i are cross sections depicting a method used to
form an epitaxially grown, cubic phase epilayer on a grooved
silicon substrate, according to present teachings;

FIGS. 6a-6¢ are cross sections depicting another method
used to form an epitaxially grown, cubic phase epilayer on a
grooved silicon substrate, according to present teachings;

FIGS. 7a-7d are cross sections depicting various patterned
mask layers which can be used to form grooves of various
configurations within an underlying substrate for inventive
embodiments of the invention, according to present teach-
ings; and

FIGS. 8a-84 are cross sections depicting various groove
patterns which can be formed in a substrate such as a silicon
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substrate during an embodiment of the invention prior to
forming an epilayer, according to present teachings.

It should be noted that some details of the FIGS. have been
simplified and are drawn to facilitate understanding of the
inventive embodiments rather than to maintain strict struc-
tural accuracy, detail, and scale.

DESCRIPTION OF THE EMBODIMENTS

Reference will now be made in detail to the present
embodiments (exemplary embodiments) of the invention,
examples of which are illustrated in the accompanying draw-
ings. Wherever possible, the same reference numbers will be
used throughout the drawings to refer to the same or like parts.

Cubic phase GaN can be formed in an epilayer grown on a
V-shaped groove fabricated in a silicon <001> substrate, said
V-shaped groove can be aligned with the substrate to expose
<111> sidewalls. A GaN epilayer grown in a single groove
has both cubic and hexagonal phases which are spatially
separated from each other along a boundary parallel to the
grooved surface. In epitaxial growth, the first to second phase
transformation in crystal structure is available when an epil-
ayer has the property of polytypism. Depending on the
growth condition and a given pattern on a substrate, such
phase transformation is driven by the minimization of the
internal energy of a crystal that is determined by phase struc-
ture. In GaN, phase transformation from, for example hex-
agonal (first) to cubic (second) crystal structure occurs on a
<111> side wall, V-shaped grooved substrate.

As depicted in FIG. 1, a cubic phase (10) at the inner side
of an epilayer (not shown) can be formed through the transi-
tion from the initially nucleated hexagonal phases (14) which
preferentially nucleate on the opposing <111> sidewalls of
each V-shaped groove. The transition to the cubic phase in the
center of the groove structure is driven by the symmetry of the
V-shaped groove structure. Accompanying the transition to
the cubic phase, there is a region of stacking faults (essentially
fluctuations between cubic and hexagonal phases localized to
the boundary region). This region can also be removed in an
optimized growth process. As a result, the presence of hex-
agonal phase at the outside of the cubic phase region is diffi-
cult to avoid. While those two phases shown in FIG. 1 are
spatially separated at the nanoscale and microscale, they can
result in a heterogeneous phase mixture at the macroscale. A
corresponding example is depicted in FIG. 2, where a thick
GaN layer (20) grown on an array of V-grooves consists of
spatially separated but mixed cubic (22) and hexagonal
phases (24). Such phase mixture in a single epilayer is not
suitable for device applications. Also, the GaN epilayer in
FIG. 1 has a nonplanar surface that is not adequate for device
processing.

To provide an epilayer in accordance with an embodiment
of the invention, the growth of an epilayer hexagonal phase
can be suppressed to ultimately lead to a single phase, wide
area epitaxial GaN film, as described below and depicted in
the FIGS. Herein, “wide area” is intended to include an area
considerably greater than the largest groove width for the first
to second phase transformation and can be about tens of
microns in minimum dimension. “Wide area” is also intended
to include dimensions large enough for device fabrication
applications and can include continuous sheets over a mac-
roscopic scale, for example, millimeters to centimeters.

Various embodiments of the invention are described using
the example of the formation of cubic phase, nitrogen-based
period III-V semiconductor thin films. However, it will be
realized that various nitrogen-based semiconductors and sev-
eral different semiconductor substrates are applicable to the
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present invention. In this disclosure, as a specific example,
GaN on V-grooved silicon <001> will be used for process
description.

In general, various embodiments describe the fabrication
process in two parts. First, a groove is formed within a sub-
strate, along with an appropriate masking structure (de-
scribed below) to allow segregation of the cubic-phase epi-
taxial layer. Various methods can be used to prepare a grooved
substrate with <111> terminated walls in a silicon substrate,
and various groove shapes can be provided. After forming the
grooved substrate, the area of the cubic phase layer is
increased by further growing the cubic phase crystal. Growth
can be sufficient to provide either macroscopic regions for
device fabrication or continuous films for further character-
ization and device processing. Further processing details are
described below and depicted in FIGS. 3-5.

A first method for forming a grooved substrate and an
overhang feature is depicted in FIGS. 3a-3e. While only one
V-shaped groove (V-groove) is depicted in FIGS. 3a-34, sev-
eral adjacent grooves and overhang features can be formed
simultaneously to result in the structure of FIG. 3e.

As depicted in FIG. 3a, a semiconductor wafer substrate
assembly comprising at least an underlying layer 30 is pro-
vided. The underlying layer 30 can comprise a semiconductor
wafer or an overlying silicon layer atop other material layers
for example, silicon-on-insulator technology, etc. Other fea-
tures may be present which are not individually depicted. A
first material such as a first dielectric 32 and a second material
such as a second dielectric 34 are formed over the surface of
the wafer 30. The first and second materials and the underly-
ing layer have the property that each material can be etched
selective to the other two materials, for example using chemi-
cal wet or dry etching. The underlying layer 30 can comprise
a semiconductor wafer having a <001> crystallographic ori-
entation. Layers 32 and 34 can comprise any pair of dielectric
films which have a dry and/or wet etching selectivity high
enough to subsequently form an overhang structure between
them. Materials such as silicon dioxide (SiO,) and silicon
nitride (Si,N,) each having a thickness less than or compa-
rable to the groove width, for example ranging from sub-
micrometer to several micrometers. The thickness of the
dielectric layers should be sufficient to physically block the
growth of hexagonal phase region for a given width of the
final groove.

As depicted in FIG. 35, a patterned photoresist layer 36 is
formed to provide a periodic stripe pattern parallel to the
<110> directions of the substrate on the film stack with
lithography and dry/wet etching through the first and second
dielectric layers. As an example, the opening in the photore-
sist can have a width ranging from sub-micrometer (e.g., tens
of nanometers) to several micrometers, and adjacent open-
ings (not depicted) also can have a similar length scale.

Next, the second dielectric layer 34 and the first dielectric
layer 32 can be etched to expose the underlying layer 30 as
depicted in FIG. 3¢. The photoresist 36 can be removed, and
the underlying layer 30 is etched to form a groove, such as the
V-groove 38 depicted in FIG. 3d. The periodic grooves 38 can
comprise <111> sidewalls along the pattern direction into the
substrate when formed with anisotropic wet etching, for
example, using well known processes with potassium
hydroxide (KOH) and other chemical etchants which exhibit
strongly crystal orientation dependent etch rates.

Next, the first dielectric layer 32 is etched selective to the
second dielectric layer 34 and to the underlying layer 30, for
example using a wet etch, to undercut the second dielectric
layer 34 and to resultin the overhang features 40 formed from
the second dielectric layer 34 as depicted in FIG. 3e. The
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undercut of the second dielectric layer 34 results in an open-
ing in the first dielectric layer which has a width wider than
the opening in the second dielectric layer, and thus results in
the overhang features. It should be noted that FIG. 3e depicts
a wider view of the substrate, and thus a plurality of adjacent
grooves and overhang structures formed simultaneously with
the single groove of prior FIGS. 3a-34d.

It will be realized that variations in this process can be used
to vary the dimensions of the overhang. Additionally, the
order of the process can be altered, for example by undercut-
ting the second dielectric layer 34 prior to forming the
V-groove. These variations will be apparent to one of ordinary
skill in the art and are within the scope of the present inven-
tion.

A second method for forming a V-shaped groove is
depicted in FIGS. 4a-4e. This second method can be used
particularly when a first material layer and a second material
layer can be etched selective to the underlying layer (i.e. a
silicon wafer or other silicon layer having a <001> crystallo-
graphic orientation). With this embodiment, selectivity
between the first and second material layers, for example first
and second dielectric layers, is not required.

In this embodiment, a structure similar to that depicted in
FIG. 4a can be provided, which comprises an underlying
layer 42 having grooves such as V-grooves, one of which is
depicted. V-grooves can be etched into a silicon layer using a
photoresist and/or hard mask having openings therein which
provide a pattern for an isotropic (wet) etch of the underlying
layer 42. The V-grooves can comprise <111>-type sidewalls
into the silicon <001> substrate. After forming the grooves,
the silicon surface can be oxidized to form an SiO, layer 44,
or a conformal layer can be deposited. An alternate method
can comprise the deposition of a dielectric film on a
V-grooved surface to form layer 44.

Next, a patterned photoresist layer (not depicted) is formed
over the first dielectric layer 44 and the first dielectric layer is
etched to expose the underlying layer 42. The photoresist
layer is aligned with the groove to provide an opening such
that the dielectric layer 44 can be removed from the groove
and from a location on either side of the groove as depicted in
FIG. 4b. A blanket planarization layer 46, for example a
material such as polyimide, polymethyl methacrylate, antire-
flection coating material, etc., is formed to cover the exposed
surface of the underlying layer 42 and to fill the opening in,
and cover the surface of, the first dielectric layer 44 as
depicted in FIG. 46b.

Next, the planarization layer 46 is etched, for example
using chemical mechanical polishing (CMP), a wet etch, or a
dry etch to remove the planarization layer 46 from the upper
surface of the first dielectric layer 44 to result in the FIG. 4¢
structure. While the thickness of the first dielectric layer 44
may be reduced during this etch, removal of layer 44 should
be minimized during removal of planarization layer 46. As
will be understood by one of ordinary skill in the art, the
leveling between layer 44 and layer 46 need only be approxi-
mate and does not need to be as precise as shown in the figure.

A second material layer 48, such as a second dielectric
layer, is formed on the exposed surfaces of the first dielectric
layer 44 and the planarization layer 46. The second dielectric
layer 44 is patterned, for example using a photolithographic
process, to expose the planarization layer 46 as depicted in
FIG. 4d. The remaining planarization layer 46 is removed
through the opening in the second dielectric layer to result in
the structure of FIG. 4e, which can be a structure similar or
identical to that depicted in FIG. 3e and has similar overhang
structures 40. It should be noted that FI1G. 4e depicts a wider
view of the substrate, and thus a plurality of adjacent grooves
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and overhang structures 40 formed simultaneously with the
single groove of prior FIGS. 4a-4d.

The process of FIGS. 3a-3¢ and 4a-4e are performed to
provide a grooved silicon <001> substrate structure upon
which a cubic phase, nitrogen-based compound semiconduc-
tor film can be epitaxially grown. As discussed, other methods
for forming the structure are contemplated. For example, a
method comprising laser ablation of the substrate and sepa-
rate formation of the mask layer is contemplated. The text
below describes the method for forming the cubic phase
epilayer upon a substrate structure similar to that depicted in
FIGS. 3e and 4e.

For this part of the process, the exemplary structure of FIG.
4e is cleaned and loaded into an epitaxy reactor. As depicted
in FIG. 5a, a semiconductor epilayer, for example GaN or a
related aluminum gallium indium nitride (AlGalnN) semi-
conductor, is deposited on the patterned substrate. A selective
growth mode, established by adjustment of reactant fluxes,
temperature, and other growth conditions, is used to form an
epilayer comprising a hexagonal (wurzite) phase 50 and a
cubic phase 52. The selective growth mode results in growth
of the epilayer from only each opposing grooved silicon
<111> surface. As the hexagonal epilayer continues to grow,
it is blocked by the overhang structure 40 which functions as
a mask layer to block hexagonal phase epitaxial growth and
allows cubic epitaxial growth through the opening to provide
the epilayer 50 as depicted in FIG. 564.

In one exemplary embodiment, the semiconductor wafer
substrate assembly of FIG. 4e is placed into an epitaxy reac-
tor, and material deposition, for example GaN, can be per-
formed. Formation of the material can be performed using
typical growth conditions of metalorganic vapor phase epit-
axy, or under selective growth conditions of molecular beam
epitaxy. Other growth conditions of materials such as the GaN
specified can also be performed.

The epilayer deposition can be continued until only the
cubic phase region 52 extends through the opening in each
second dielectric layer 48. The second dielectric layer 48 thus
functions as a stripe mask, as depicted in FIG. 56. The depo-
sition is stopped before the top, flat <001> facet 54 at the top
of'the cubic phase region 52 disappears as a result of dynami-
cal crystal faceting during growth.

After forming a structure similar to that depicted in FIG.
5b, the wafer structure is removed from the epitaxy reactor
and the front surface is covered with a planarization material
56 such as polyimide or antireflection coating material to
result in the structure of FIG. 5¢. The planarization material
56 can be thick enough to completely cover the part of 52
grown above layer 48. Subsequently, the planarization mate-
rial 56 is uniformly removed, for example by planarizing such
as by CMP, or by using an etch such as dry etching. The etch
can be stopped once the top <001>facet 54 of the cubic phase
epilayer 52 is exposed and level with an upper surface of the
planarization material 56, as depicted in FIG. 5d.

Next, a third material layer 58, such as a third dielectric
layer, is deposited over the upper surface of the exposed top
facet 54 and over the exposed planarization layer 56 as
depicted in FIG. 5e. This material can be formed to physically
contact both the cubic phase epilayer 52 and the planarization
layer 54. Using a process such as photolithography, an array
of openings 60 is etched into the third dielectric layer 58 as
depicted in FIG. 5f. In this embodiment, openings 60 are
formed at a location away from the regions of the crystal
structure 50, 52. Various hole arrays are available, for
example one-dimensional stripe arrays either parallel or per-
pendicular to the grooves, or two-dimensional hole arrays.
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For mechanical stability of the third dielectric layer 58 during
subsequent processing, a two-dimensional hole array would
be desirable.

The planarization layer 56 which is interposed between the
second dielectric layer 48 and the third dielectric layer 58 is
etched, for example using a wet etch, through the openings 60
in the third dielectric layer 58. The dimensions of the holes
etched into the third dielectric layer 58 can vary based on the
application. The holes provide access for both etchants and
growth species to allow further processing and growth. The
third dielectric layer thus functions as a mask layer. To facili-
tate the most desirable formation of a subsequent cubic phase
layer, the planarization layer 56 is removed as completely as
possible. Removal of planarization layer 56 is selective to the
third dielectric layer 58, the second dielectric layer 48, and the
cubic phase layer 52, as well an any additional structures
which are exposed to the etch material. For this particular
embodiment, a wet etch comprising a hot base or a “piranha”
etchant (i.e. a mixture of sulfuric acid and hydrogen peroxide)
would function sufficiently. This results in the structure of
FIG. 5g, which now comprises a space 62 between the second
dielectric layer 48 and the third dielectric layer 58.

After forming the structure of FIG. 5g, cubic phase epitaxy
can be continued to deposit an epilayer on the patterned
surface of the substrate using selective growth mode. As the
deposition progresses, lateral growth from the side facets of
the epilayer 52 proceeds through the space 62 between the
second dielectric layer 48 and the third dielectric layer 58 to
form cubic phase epitaxial layer 64 as depicted in FIG. 5h.
Crystal growth can be terminated once the epilayerislands are
of sufficient size for the intended application, or until coales-
cence between the adjacent epilayers occurs to form a single,
continuous layer which completely fills space 62 as depicted.

Next, the semiconductor wafer substrate assembly is
unloaded from the epitaxy reactor, and the third dielectric
layer 58 is removed to expose the wide-area cubic phase
semiconductor film (or island film, if crystal growth is not
continued until complete coalescence results) formed on the
silicon <001> substrate as depicted in FIG. 5i. In this embodi-
ment, the cubic phase material forms a solid sheet which
extends over an upper surface of the second material layer 48
which comprises the mask layer, such that the overhang struc-
ture 40 is interposed between the cubic phase material 64 and
the substrate 42. As is also depicted, the overhang structure is
also interposed between the hexagonal phase material 50 and
the cubic phase material 62. Further, the hexagonal phase
material 50 forms and is interposed only between the sub-
strate 42 and the mask layer 44, 48, while the cubic phase
material extends through the opening in the mask layer and
continues to grow over the upper surface of the mask layer.
After forming the structure of FIG. 5i, subsequent processing
can then continue, for example to form other device features
or to complete a functional semiconductor device.

Another embodiment for forming a wide-area cubic phase
semiconductor film is depicted in FIGS. 56 and 6a-6¢. This
process comprises the use of dynamical faceting during
growth. In this process, the cross sectional shape of an epil-
ayer grown on a one-dimensional stripe opening can be
regarded as a quasi-two dimensional crystal.

Depending on growth conditions, the epitaxy on the pat-
terned substrate as depicted in FIG. 55 can be caused to form
in a manner similar to that depicted in FIGS. 6a-6¢. This may
result in a much thicker cubic phase epitaxial layer deposition
that that depicted in FIG. 5i, but may ultimately provide a
more planar surface than that which results from the previ-
ously described processes. At this time, it is unknown whether
defects will result at the coalescence boundaries in either of
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these techniques, but the defect density is expected to be
significantly lower than that of the coalescence of nanowires
since the pattern used in this disclosure is one-dimensional
and the period of the grooves can be enhanced to micrometer
range. One result can be a reduced interface or boundary area
in coalescence, which may lead to a lower defect density.

FIGS. 3 to 6 schematically depict various process flows
which result in wide-area cubic phase GaN. As depicted in
FIG. 3e, for example, an overhang structure 40 is fabricated
over each groove using the first material layer 32 and the
second material layer 34. The mask films employed to aniso-
tropically etch the groove block the growth of a subsequently
formed hexagonal phase region, while allowing the continual
growth of a cubic phase region which is physically filtered
from the epilayer as growth proceeds. If GaN is selectively
deposited on this V-groove, it will have the same phase dis-
tribution in cross sectional view, as shown in FIGS. 1 and 2.
Owing to the overhang structure, however, the hexagonal
phase formed at both ends of an epilayer and the defected,
stacking fault region, between the hexagonal and cubic
phases cannot extend over each V-groove. In other words, the
mask layer plays a role of a barrier which physically blocks
the extended growth of the hexagonal phase region out of the
V-groove. The overhang structure also can block the propa-
gation of defects such as misfit dislocations and stacking
faults, and contribute to the relief of excess strain energy due
to the lattice mismatch between GaN and Si.

In continued deposition as depicted in FIGS. 6a-6¢, the
window in second dielectric layer 48 which provides the
overhang structure allows only the cubic phase region 66 in
the middle of the epilayer to grow, as depicted in FIG. 65. An
epilayer selectively grown on a one dimensional stripe open-
ing generally has a <001> facet at its top at the initial stage of
growth. In FIG. 55, growth must be precisely controlled so
that the top <001> facet 54 of GaN grown in each V-groove is
kept wide enough for the planarization and to provide
mechanical stability for the third dielectric layer 58 (FIG. 5g,
for example). The planarization process shown in FIG. 5d is
also critical. As shown in 5e to 5g, the third dielectric layer 58
deposited after planarization of layer 56 at FIG. 5d is
employed to both remove the remaining planarization mate-
rial 56 and to provide aspace 62 (FIG. 5¢) between the second
dielectric layer 48 and the third dielectric layer 58 for guiding
lateral growth. For these purposes, various patterns for the
perforation (openings 60) into the third dielectric layer 58 can
be employed. For example, a one-dimensional array of stripe
openings either parallel or perpendicular to the grooves can
be used. In the alternative, a two-dimensional hole array can
be used. In continued growth at FIGS. 5g and 54, every space
between the second and third dielectric layers is filled with
cubic phase GaN by lateral growth, up to coalescence with
neighboring cubic phase regions. Such coalescence results in
a flat top surface over the entire surface and provides a wide-
area cubic phase GaN on a silicon <001> substrate. Also, the
coalescence provides an opportunity for defect quenching or
nucleation and strain relief.

An alternative embodiment (not shown) can alter the epi-
taxial growth conditions once the pattern of FIG. 5b is
achieved to encourage lateral growth over the mask layer 48
as is done in hexagonal growth using a lateral epitaxial over-
growth (LEO) process. LEO of the hexagonal material can
reduce the impact of the lattice mismatch between the sub-
strate and the epitaxial layer.

With regard to the process of FIGS. 6a-6¢, the sidewall of
the cubic GaN epilayer 52 in FIG. 5b could be silicon
<111>-A orsilicon <111>-B type, depending on growth con-
ditions. Then, continued growth in FIG. 56 without planariza-



US 8,313,967 Bl

9

tion and third dielectric layer deposition can result in the facet
evolution depicted in FIGS. 6a-6¢. FIG. 64 results from con-
tinued cubic phase growth of material 52 at FIG. 55 to form
cubic phase growth 66. Further growth results in increasingly
large cubic crystal structures 68 at FIG. 65 by vertical and
lateral overgrowth, which finally induces coalescence
between adjacent epilayers and formation of a single layer
cubic phase structure 70 as depicted in FIG. 6¢, which com-
prises a planar top surface.

Binary semiconductors have many possible defects such as
antiphase boundaries in nucleation and coalescence. How-
ever, nitrogen-based semiconductors are less sensitive to
defects in device performance, as compared with other 11I-V
semiconductors. The process of FIGS. 56 and 6a-6¢ requires
a single growth step, while the process of FIGS. 5a-5i uses
two separate growth steps with intermediate processing (and
thus has more possibilities for contamination). Thus, a single
crystal growth process can be simpler than a process which
uses two separate growth stages, but also requires a thicker
growth. The process selected depends on the particular use of
the layer and the details of the defect/contamination incorpo-
ration. Additionally, the resulting impact on device perfor-
mance and reliability for these two processes as well as the
particular processing conditions which may result in defect
mechanisms will need to be considered.

FIG. 7 depicts several possible profiles of the mask layers
which can be used for cubic phase GaN on a single groove of
a silicon <001> substrate. FIG. 8 presents various possible
profiles of the grooves fabricated into a substrate for the same
purpose. Different etching techniques can provide different
etch profiles but, depending on materials and growth condi-
tions, most of the combinations of the mask and groove pro-
files shown in FIGS. 7 and 8 can be employed for the cubic
phase GaN on a single groove. Profile 7(d) is similar to the
mask layers for the overhang structure which is the most
straightforward for the present embodiment of the invention.
One or more of the structures depicted in FIGS. 7 and 8 would
be applicable to the various processes described above for
wide-area, cubic phase GaN on a silicon <001> substrate.

In particular the structures of FIG. 7(a)-(c) are attractive
since they involve only a single mask material. In these
embodiments the mask material can be sufficiently thick to
block the hexagonal growth phase along with the defected
transition regions between the first hexagonal growth phase
and the second cubic growth phase.

To form the grooves in the semiconductor substrate of the
previous embodiments and in FIG. 8, a mask can be aligned in
a direction parallel with the <110> crystal lattice plane (crys-
tal direction) of the substrate, such as a silicon substrate. The
exposed semiconductor substrate can then etched through the
mask, for example using anisotropic etching, to expose the
<111> crystal lattice planes or crystal faces of the semicon-
ductor substrate on opposing sides of the groove, which pro-
vides the surface from which the crystal phase GaN grows.

In addition to the various described embodiments formed
on a silicon substrate, other semiconductor substrates which
have a cubic symmetry sufficient to provide a groove com-
prising <111>-type sidewalls are also contemplated.

When used to form a functional semiconductor device,
additional processing stages can be performed, for example
after forming the crystal structure of FIGS. 5i and 6¢, such as
additional growth and processing, pn junction formation,
quantum well formation, cleaved facets, and/or other process-
ing to form a completed semiconductor device.

Notwithstanding that the numerical ranges and parameters
setting forth the broad scope of the invention are approxima-
tions, the numerical values set forth in the specific examples
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are reported as precisely as possible. Any numerical value,
however, inherently contains certain errors necessarily result-
ing from the standard deviation found in their respective
testing measurements. Moreover, all ranges disclosed herein
are to be understood to encompass any and all sub-ranges
subsumed therein. For example, a range of “less than 10” can
include any and all sub-ranges between (and including) the
minimum value of zero and the maximum value of 10, that is,
any and all sub-ranges having a minimum value of equal to or
greater than zero and a maximum value of equal to or less than
10, e.g., 1t0 5. In certain cases, the numerical values as stated
for the parameter can take on negative values. In this case, the
example value of range stated as “less that 10” can assume
negative values, e.g. -1, -2, -3, =10, -20, =30, etc.

While the invention has been illustrated with respect to one
or more implementations, alterations and/or modifications
can be made to the illustrated examples without departing
from the spirit and scope of the appended claims. In addition,
while a particular feature of the invention may have been
disclosed with respect to only one of several implementa-
tions, such feature may be combined with one or more other
features of the other implementations as may be desired and
advantageous for any given or particular function. Further-
more, to the extent that the terms “including,” “includes,”
“having,” “has,” “with,” or variants thereof are used in either
the detailed description and the claims, such terms are
intended to be inclusive in a manner similar to the term
“comprising.” The term “at least one of” is used to mean one
or more of the listed items can be selected. Further, in the
discussion and claims herein, the term “on” used with respect
to two materials, one “on” the other, means at least some
contact between the materials, while “over” means the mate-
rials are in proximity, but possibly with one or more addi-
tional intervening materials such that contact is possible but
not required. Neither “on” nor “over” implies any direction-
ality as used herein. The term “conformal” describes a coat-
ing material in which angles of the underlying material are
preserved by the conformal material. The term “about” indi-
cates that the value listed may be somewhat altered, as long as
the alteration does not result in nonconformance of the pro-
cess or structure to the illustrated embodiment. Finally,
“exemplary” indicates the description is used as an example,
rather than implying that it is an ideal. Other embodiments of
the invention will be apparent to those skilled in the art from
consideration of the specification and practice of the inven-
tion disclosed herein. It is intended that the specification and
examples be considered as exemplary only, with a true scope
and spirit of the invention being indicated by the following
claims.

What is claimed is:
1. A method for forming an epitaxial layer, comprising:
providing a semiconductor substrate comprising a groove;
growing an epitaxial layer in the groove of the semicon-
ductor substrate, wherein the epitaxial layer comprises a
first crystal phase and a second crystal phase, and
wherein the growing further comprises:
blocking a portion of the growth of the first crystal phase
with a masking structure; and
growing the second crystal phase through an opening in the
masking structure.
2. The method of claim 1, wherein providing a semicon-
ductor substrate comprising a groove further comprises:
providing exposed <111> crystal faces on opposing sides
of the groove.
3. The method of claim 2, wherein providing a semicon-
ductor substrate comprising a groove further comprises:



US 8,313,967 Bl

11

aligning the groove along a <110> crystal direction of a

silicon substrate; and

anisotropically etching the silicon substrate to expose

<111> crystal faces on opposing sides of the groove.

4. The method of claim 1, further comprising growing the
second crystal structure through the opening in the masking
structure to form a coalesced second crystal phase film.

5. The method of claim 1, wherein the growing an epitaxial
layer further comprises:

growing a hexagonal phase as the first crystal phase; and

growing a cubic phase as the second crystal phase.

6. The method of claim 1, further comprising:

growing the second crystal phase;

planarizing the flat upper surface of the second crystal

phase with a planarization material;

forming a mask layer having openings over the planariza-

tion material, wherein the openings are spaced a distance
from the groove;

removing the planarization material through the openings

in the mask layer to form a space between the masking
structure and the mask layer; and

further growing the second crystal phase to at least partially

fill the space between the masking structure and the
mask layer.

7. A semiconductor device, comprising:

a semiconductor substrate having at least one groove

therein;

a masking structure having at least one opening therein

overlying the semiconductor substrate; and

an epitaxial layer grown in each groove comprising a first

crystal phase and a second crystal phase, wherein the
second crystal phase extends through each opening in
the masking structure.

8. The semiconductor device of claim 7, wherein the first
crystal phase is interposed between the semiconductor sub-
strate and an overhang structure of the masking structure and
the first crystal phase does not extend through each opening in
the masking structure.

9. The semiconductor device of claim 7, wherein the first
crystal phase comprises a hexagonal phase crystal structure
and the second crystal phase comprises a cubic phase crystal
structure.

10. The semiconductor device of claim 9, wherein the
cubic phase crystal structure comprises a substantially con-
tinuous film which extends over an upper surface of the mask-
ing structure through vertical and lateral growth.

11. The semiconductor device of claim 7, wherein the
semiconductor substrate further comprises:

the at least one groove aligning with a <110> crystal plane

of the semiconductor substrate; and

walls of the at least one groove exposing opposing 111>

crystal planes of the semiconductor substrate.

12. The semiconductor device of claim 11, wherein the
epitaxial layer nucleates on the opposing exposed <111>
crystal planes of the semiconductor substrate.

13. A method of forming a semiconductor device, compris-
ing:

forming a plurality of grooves within a semiconductor

substrate;

forming a mask structure comprising a plurality of, open-

ings therein over the semiconductor substrate wherein
the plurality of openings are aligned with the plurality of
grooves;

growing an epitaxial layer from each of the plurality of

grooves in the semiconductor substrate, wherein the epi-
taxial layer comprises hexagonal phase material and
cubic phase material; and
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blocking growth of the hexagonal phase material with a
portion of the mask structure, wherein the cubic phase
material grows through each of the plurality of openings
in the mask structure.

14. The method of claim 13, wherein forming the mask

layer further comprises:

forming a first material layer over a surface of the semi-
conductor substrate;

forming a second material layer over the first material
layer;

defining a first plurality of openings in the second material,
each of the first plurality of openings having a first
width; and

defining a second plurality of openings in the first material,
each of the second plurality of openings having a second
width, wherein the second plurality of openings exposes
the plurality of grooves in the semiconductor substrate,
and wherein the second width is larger than the first
width.

15. The method of claim 13, further comprising:

growing the cubic phase material over an upper surface of
the mask structure, such that the mask structure is inter-
posed between the cubic phase material and the semi-
conductor substrate.

16. The method of claim 13, further comprising:

stopping the growth of the cubic phase material;

forming a planarization material over an upper surface of
the cubic phase material;

removing a portion of the planarization material;

forming a second mask having openings over the pla-
narization material, wherein the openings are spaced a
lateral distance from each of the plurality of grooves;

etching the planarization material through the mask open-
ings to form a space between a surface of the mask
structure and the mask; and

further growing the cubic phase material to at least partially
fill the space between the mask structure and the second
mask.

17. The method of claim 13, wherein forming a plurality of

grooves further comprises:

providing a mask aligned with a <110> crystal plane of the
semiconductor substrate on a surface of the semiconduc-
tor substrate; and

etching the semiconductor substrate to form a plurality of
grooves, each wall of the plurality of grooves exposing a
<111> crystal plane of the semiconductor substrate.

18. The method of claim 17, wherein the etching further

comprises:

anisotropically etching the silicon substrate to expose
<111> crystal faces on opposing sides of each of the
plurality of grooves.

19. The method of claim 13, wherein forming the mask

structure further comprises:

forming the mask structure from a single material compris-
ing substantially vertical sidewalls, wherein the growth
of the hexagonal phase material is blocked such that only
the cubic phase material grows above the mask structure.

20. The method of claim 13, further comprising:

covering the upper surface of the mask layer with lateral
growth of the cubic phase material; and

coalescing the lateral growth of the cubic phase material
into a planar top surface epilayer.

21. The method of claim 1, wherein the masking structure

comprises:

a first material layer over a surface of the semiconductor
substrate; and a second material layer over the first mate-
rial layer,
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wherein the opening in the masking structure comprises a
first opening in the second material layer, the first open-
ing having a first width; and a second opening in the first
material layer, the second opening having a second
width that is larger than the first width, so that the second
opening exposes both the groove and a portion of the
substrate on either side of the groove, and

wherein blocking a portion of the growth of the first crystal
phase comprises growing the first crystal phase over the
substrate on either side of the groove in a manner that
allows the second material layer to block the growth of
the first crystal phase.

22. The semiconductor device of claim 7, wherein the

masking structure comprises:

a first material layer over a surface of the semiconductor
substrate; and a second material layer over the first mate-
rial layer,

wherein the opening in the masking structure comprises: a
first opening in the second material layer, the first open-
ing having a first width; and a second opening in the first
material layer, the second opening having a second
width that is larger than the first width, so that the second
opening exposes both the groove and a portion of the
substrate on either side of the groove, and

wherein the first crystal phase extends over the substrate on
either side of the groove in a manner that allows the
second material layer to block the growth of the first
crystal phase.

23. The method of claim 13, wherein the mask comprises:

a first material layer over a surface of the semiconductor
substrate; and a second material layer over the first mate-
rial layer, and

further wherein the plurality of openings in the mask com-
prise a first plurality of openings in the second material
layer, each of the first plurality of openings having a first
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width; a second plurality of openings in the first mate-
rial, each of the second plurality of openings having a
second width that is larger than the first width so that the
second plurality of openings expose both the groove and
aportion ofthe substrate on either side of the groove, and

wherein blocking growth of the hexagonal phase material
comprises growing the hexagonal phase material over
the substrate on either side of the groove in a manner that
allows the second material layer to block the growth of
the hexagonal phase material.

24. The method of claim 1, wherein the semiconductor
substrate comprises single crystal silicon and the epitaxial
layer comprises a compound semiconductor, there being lat-
tice mismatch between the semiconductor substrate and the
epitaxial layer.

25. The method of claim 24, wherein the epitaxial layer
comprises a material chosen from gallium nitride or alumi-
num gallium indium nitride.

26. The semiconductor device of claim 7, wherein the
semiconductor substrate comprises single crystal silicon and
the epitaxial layer comprises a compound semiconductor,
there being lattice mismatch between the semiconductor sub-
strate and the epitaxial layer.

27. The semiconductor device of claim 26, wherein the
epitaxial layer comprises a material chosen from gallium
nitride or aluminum gallium indium nitride.

28. The method of claim 13, wherein the semiconductor
substrate comprises single crystal silicon and the epitaxial
layer comprises a compound semiconductor, there being lat-
tice mismatch between the semiconductor substrate and the
epitaxial layer.

29. The method of claim 28, wherein the epitaxial layer
comprises a material chosen from gallium nitride or alumi-
num gallium indium nitride.
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