S HAEGE R EIMNitride Semiconductor Research

Review of Pendeo-Epitaxial Growth and Characterization of Thin
Films of GaN and AlGaN Alloyson 6H-SIC(0001) and Si(111)
Substrates

Robert F. Davist, T. Gehrket, K.J. Linthicum?®, P Rajagopal 1 A.M. Roskowski®, T. Zheleval,
Edward A. Preblel, C.A. Zorman?, M. Mehregany?, U. Schwarz®, J. Schuck® and R. Grober®
IDepartment of Materials Science and Engineering, North Carolina State University,

Department of Electrical, Systems and Computer Engineering, Case Western Reserve University,
3Department of Applied Physics, Yale University,

(Received Monday, September 17, 2001; accepted Tuesday, November 20, 2001)

Discrete and coal esced monocrystalline GaN and Al,Ga; 4N layers grown via pendeo-epitaxy (PE)
originated from side walls of GaN seed stripes with and without SiN, top masks have been grown
viaorganometallic vapor phase deposition on GaN/AIN/6H-SiC(0001) and GaN(0001)/AIN(0001)/
3C-SiC(111)/Si(111) substrates. Scanning and transmission electron microscopies were used to
evaluate the external microstructures and the distribution of dislocations, respectively. The
disocation density in the laterally grown sidewall regions and in the regions grown over the SiN,
maskswas reduced by at |east five orders of magnituderelativeto theinitial GaN seed layers. Tilting
of 0.2° in the coalesced GaN epilayers grown over the SIN,, masks was determined via X-ray and
selected area diffraction; however, tilting was not observed in the material suspended above the SIC
substrate and that grown on unmasked stripes. A strong, low-temperature photol uminescence band-
edge peak at ~3.45 eV with aFWHM of <300 peV was determined on the overgrowth material
grown on the silicon carbide substrates. The band-edge in the GaN grown on silicon substrates was

shifted to alower energy by 10 meV, indicative of a greater tensile stress.

1 Introduction

It has been a necessity for investigatorsin the I11-nitride
community to grow films of GaN and related nitride
materials using heteroepitaxial routes because of the
dearth of bulk substrates of these materials. This results

in films containing dislocation densities of 10%-101° cm

2 pecause of the mismatches in the lattice parameters
and the coefficients of thermal expansion between the
buffer layer and the film and/or the buffer layer and the
substrate. These high concentrations of dislocations
limit the performance of devices via carrier recombina-
tion, increased leakage currents, decreased breakdown
strength and loss in efficiency and lifetime of optical
devices.

Several groups [1] [2] [3] [4] [S] [6] [7] [8] [9] [10]
[11], including the present authors, have conducted
research regarding selective area growth (SAG) and lat-
era epitaxial overgrowth (LEO) techniques for GaN
deposition, specifically to significantly reduce the dislo-

cation density. These techniques have been employed
previously to fabricate new microel ectronic devices with
better performancein Si [12], GaAs [13] and InP [14]
semiconductor materials. The crystal quality of the over-
grown layers of these materials was sufficiently good to
be used for device applications. Increased emphasis in
thisresearch topic for I11-Nitride materialswas fueled in
part by the announcement by Nakamura, et a. [15] [16]
[17] of (1) the dramatic increase in projected lifetime of
their GaN-based blue light-emitting laser diodes from a
few hundred hours for diodes fabricated on convention-
aly grown layers to over 10,000 hours for diodes pro-
duced on LEO materid and (2) the subsequent
commercia introduction of the laser diodes. Using these
approaches, researchers have been able to grow GaN
films containing dislocation densities of = 10° cm? in
the areas of overgrowth. However, to benefit from this
reduction in defects, the placement of devices incorpo-
rating LEO technology is limited and confined to
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regions on the final GaN device layer that are located on
the overgrown regions.

Recently we have pioneered a new approach to
selective epitaxy of GaN and Al,Ga; 4N layers, namely,
pendeo- (from the Latin: to hang or be suspended) epit-
axy (PE) [18] [19] [20] [21] [22] [23] [24] [25] as a
promising new process route leading to a single, contin-
uous, large area layer; multilayer heterostructures; or
discrete platforms of these materials. This novel thin
film growth technique also aleviates the process align-
ment problems and the high and non-uniform residual
stresses inherent in epilayers grown by the conventional
LEO approach. It incorporates mechanisms of growth
exploited by the conventional LEO process by using an
amorphous mask to prevent vertical propagation of
threading dislocations; however, it extends beyond the
conventional LEO approach to employ the substrate
itself as a pseudo-mask. This unconventional approach
differs from LEO in that growth does not initiate
through open windows on the (0001) surface of the GaN
seed layer; instead, it is forced to selectively begin on
the sidewalls of a tailored microstructure comprised of
forms previously etched into this seed layer. Continua-
tion of the pendeo-epitaxial growth of GaN or the
growth of the Al,Ga;_ 4N layer until coalescence over

and between these forms results in a complete layer of
low defect-density GaN or Al,Gay«N. This is accom-
plished in one (GaN), two (Al,Ga.4N) or multiple
(multilayer heterostructure) re-growth steps. The need to
align devices or masks for the growth of the subsequent
layers over particular areas of overgrowth is eliminated,
unless deposition only in certain areasis desired. A form
of pendeo-epitaxy (maskless LEO) has recently been
employed by the present authors [18] [20] [23] [24]
[25] and by Nakamuraet al. [26] to further optimize the
performance of Nichia's newest laser diodes.

The following sections describe the experimenta
parameters necessary to achieve GaN and Al,Gay_,N via

PE on both masked and unmasked SiC(0001) and
Si(111) substrates. The microstructural, structural and
optical evidence obtained for the resulting films is also
described, discussed and summarized.

2 Experimental Procedures

Each pendeo-epitaxial GaN and Al,Gagy 4N film and the
underlying GaN seed layer and the AIN buffer layer
were grown in a cold-wall, vertical pancake style RF
inductively heated metallorganic vapor phase epitaxy
(MOVPE) system. Two distinct process routes were
explored for growth on (i) on-axis 6H-SiC(0001) sub-
strates and (ii) on-axis Si(111) substrates. In the former,
each seed layer consisted of a 1 um thick GaN film
deposited within the 980 — 1020°C range on a 100 nm

thick AIN buffer layer previously deposited within the
980 — 1020°C range on an 6H-SiC(0001) substrate. Tri-
ethylgallium, triethylaluminum and ammonia precursors
were used in combination with a hydrogen diluent.
Details of the experimental parameters used for the
growth of these two layers are given in Ref. [27]. In the
growth on the Si substrates, a 0.5 —2.0 um 3C-SiC(111)
transition film was initially grown on a very thin (~20
nm) 3C-SiC(111) layer produced by conversion of the
Si(111) surface at 1360°C for 90 s via reaction with a
15% propane (C3Hg)/85%H,.mixture. The transition
film was subsequently achieved by simultaneously
decreasing the flow rate of the C3Hg/H, mixture and

introducing a 5% SiH,/95%H, mixture. Both the con-

version step and the SiC film deposition were achieved
using a cold-wall, vertica geometry, RF inductively
heated atmospheric pressure chemical vapor deposition
(APCVD) reactor. Details of the experimental parame-
ters used for the conversion step and the growth of the
3C-SiC layers are given in Ref. [28]. A 100 nm thick
AIN buffer layer and 2 0.5 - 1 um GaN seed layer were
subsequently deposited in the manner described above
for the 6H-SIC substrates.

Studies of the PE growth of the I1I-Nitrides were
conducted using GaN seed layers on which had been
initially deposited and patterned either (1) 2100 nm sili-
con nitride growth mask via plasma enhanced CVD that
was covered by a nickel etch mask subsequently depos-
ited using e-beam evaporation or (2) only the nickel
mask. Patterning of the nickel mask was achieved using
standard photolithography techniques. The find, tai-
lored, microstructure consisting of GaN seed forms with
or without the overlying silicon nitride mask (the latter
will be subsequently referred to as maskless PE) was
fabricated by removal via sputtering of portions of the
nickel etch mask and by inductively coupled plasma
(ICP) etching of portions of the silicon nitride growth
mask, the GaN seed layer and the AIN buffer layer. The
remaining areas of Ni mask protecting the seed struc-
tures during the ICP etching were removed from all
samples using HNOs.

Critical to the success of the pendeo-epitaxial
growth, the etching of the seed-forms was continued
completely through the exposed GaN and AIN layers
and into either the 6H-SiC substrate or the 3C-SiC layer,
thereby removing all I11- nitride material from the areas
between the side walls of the forms. The seed forms
used in this study were raised rectangular stripes ori-
ented along the [1 1 0 0] direction, thereby providing a
sequence of parallel GaN sidewalls (nominally (1 12 0)
faces). Seed form widths of 2 and 3 ums coupled with
separation distances of 3 and 7 ums were employed.
Immediately prior to pendeo-epitaxial growth, the pat-
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terned samples were dipped in an acid solution to
remove surface contaminants from the walls of the
underlying GaN seed structures.

A schematic of the pendeo-epitaxial growth of GaN
isillustrated in Figure 1. There are three primary stages
associated with the pendeo-epitaxial formation of this
material: (i) initiation of lateral homoepitaxy from the
sidewalls of the GaN seed, (ii) vertical growth and (iii)
lateral growth over the silicon nitride mask covering the
seed structure. Pendeo-epitaxial growth of GaN was
achieved within the temperature range and pressure of
1050-1100°C and 40 torr, repsectively. Additional
experimental details regarding the pendeo-epitaxial
growth of GaN and Al,Ga;_ N layers employing 6H-
SiC and Si substrates are given in Refs. [18] [19] [20]
[21] [22] [23] [24] [25].

The morphology and defect microstructures were
investigated using scanning electron microscopy (SEM)
(JEOL 6400 FE) and transmission electron microscopy
(TEM) (TOPCON 0002B, 200 KV). Determination of
the degree of tilting in the PE GaN was achieved using
X-ray diffraction (XRD) (Philips X'Pert MRD X-ray
diffractometer) and selected area diffraction TEM analy-
sis. Optical characterization was performed via micro-
photoluminescence (PL) and micro-Raman with spatial
resolution of ~300 nm (PL) and ~700 nm (Raman) using
a He-Cd laser (A=325 nm) and a confocal objective
lense (Zeiss 65x).

3 Results and Discussion

3.1 Growth from GaN and AlGaN Stripes Masked
with Silicon Nitride

3.1.1 Silicon Carbide Substrates

The pendeo-epitaxial phenomenon is made possible by
taking advantage of growth mechanisms identified by
Zheleva et a. [7] in the conventional LEO technique
and by using two additional key steps, namely, the initi-
ation of growth from a GaN face other than the (0001)
and, as described in the Introduction, the use of the sub-
strate (in this case a SiC wafer or a SiC-coated Si) as a
pseudo-mask. By capping the seed-forms with a silicon
nitride growth mask, the GaN is forced to grow initially
on the AIN and the GaN sidewalls (PE event (i) in Fig-
ure 1). Common to conventional LEO, no growth occurs
on the silicon nitride mask covering the seed forms.
Deposition also does not occur on the exposed SiC sur-
face areas at the higher growth temperatures employed
to enhance lateral growth (the pseudo-mask effect). The
Ga and N-containing species more likely either diffuse
along the surface or evaporate (rather than having suffi-
cient time to form GaN nuclei) from both the silicon
nitride mask and the silicon carbide substrate. The pro-
nounced effect of this is shown in Figure 2 wherein the
newly deposited GaN has grown truly suspended

(pendeo) from the sidewalls of the GaN seed structure.
During the second PE event ((ii) in Figure 1), vertical
growth of GaN occurs from the advancing (0001) face
of the laterally growing GaN. Once the vertical growth
becomes extended to a height greater than the silicon
nitride mask, the third PE event ((iii) in Figure 1)
occurs, namely, conventional LEO-type growth and
eventual coalescence over the seed structure, as shown
in Figure 3 for an Al13GaggN film grown on a PE GaN

film.

Atomic force microscopy analysis of the (0001) sur-
facerevealed atypical step flow growth mode and aroot
mean square (rms) roughness of 0.48 nm for the over-
growth material. Similar analysis of the (112 0) side-
wall revealed an atomically smooth surface and a rms
roughness of 0.096 nm, where the steps were not
resolved at the sensitivity of the instrument.

A cross-sectional TEM micrograph showing a typi-
cal pendeo-epitaxial growth structure over a silicon
nitride masked stripe is shown in Figure 4. Threading
dislocations extending into the GaN seed structure, orig-
inating from the GaN/AIN and AIN/SIC interfaces are
clearly visible. The silicon nitride mask acted as a bar-
rier to the further vertical propagation of these defects
into the laterally overgrown pendeo-epitaxial film. Since
the newly deposited GaN is suspended above the SIC
substrate, there are no vertically oriented defects associ-
ated with the mismatches in lattice parameters between
GaN and AIN and between AIN and SIC. Preliminary
analyses of the GaN seed/GaN PE and the AIN/GaN PE
interfaces revealed evidence of the lateral propagation of
the defects; however, there is yet no evidence that the
defects reach the (0001) surface where device layers
will be grown. Asin the case of LEO, there is a signifi-
cant reduction in the defect density in the regrown areas.

The continuation of the pendeo-epitaxia growth
results in coalescence with adjacent growth fronts and
the formation of a continuous layer of GaN, as observed
in cross-sectional and plan view SEM micrographs in
Figures 5 (a) and (b), respectively. This also results in
the practical elimination of all dislocations stemming
from the heteroepitaxial growth of GaN/AIN on SiC.
Clearly visible in Figure 5(a) are the voids that form
when adjacent growth fronts coalesce. Optimization of
the pendeo-epitaxial growth technique should eliminate
these undesirable defects.

The low-temperature (7K) photoluminescence spec-
trum of the coalesced PE GaN is shown in Figure 6. The
edge emission band (3.454 eV), usualy assigned to an
exciton bound to a neutral donor (X-D°) is blueshifted —
112 meV compared to the GaN seed layer. The common
weak yellow band was also observed for the pendeoepi-
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taxial layer. The blueshift is attributed to relaxation of
the pendeoepitaxially grown GaN.

3.1.2 Silicon Substrates

Research regarding development of process routes lead-
ing to the growth of I11-Nitride filmson Si has been min-
imal relative to the number of studies concerned with
growth on sapphire and SiC. This has been duein part to
the three-dimensional nucleation and growth of GaN
islands caused by the combination of significant mis-
matches in lattice parameters, the higher surface energy
of GaN and the chemical reactivity of Si with the reac-
tants in the growth environment. To address the above
concerns we have developed a process route similar to
those used for growth of GaN on 6H-SIC(0001), but
replaced the 6H-SIC substrate with a 3C-SiC(111) tran-
sition layer grown on a Si(111) substrate, in the manner
discussed in Reference [28]. The atomic arrangement of
the (111) plane of 3C-SiC is equivalent to the (0001)
plane of 6H-SIC; this facilitates the sequential deposi-
tion of a high temperature 2H-AIN(0001) buffer layer of
sufficient quality for the GaN seed layer. As described
for the use of the SiC substrates, the 3C-SiC layer must
be exposed via etching and the resulting seed forms
either capped with a silicon nitride growth mask or left
uncapped.

For the initial demonstrations of PE growth of GaN
films on silicon, 0.5 and 2 um thick 3C-SiC layers were
deposited on 50 mm diameter, 250 um thick converted
Si(111) substrates. However, the ~0.5 um 3C-SiC layer
cracked on cooling and did not provide an adequate bar-
rier to the reaction with the Si substrate. All subsequent
research described below used the ~2.0 um barrier layer.

Figure 7 shows a cross-sectional SEM micrograph of
a PE GaN layer grown laterally and vertically from
raised GaN stripes etched in a GaN/AIN/3C-SiC/
Si(111) substrate and over the silicon nitride mask atop
each stripe. Tilting between adjacent growth fronts over
the mask regions are commonly observed in coalesced
GaN epilayers grown using the LEO technique. This
phenomenon was aso determined to be present in the
PE GaN films grown on masked seed structures. The
splitting of the XRD rocking curves for the (0002)
reflection are indicative of the crystallographic tilt and
are dependent on the crystal orientation, as shown in
Figure 8. The XRD spectrum taken along the [1 1 0Q],
parallel to the stripes, consisted of one peak as shown in
Figure 8 (). The spectrum along the [1 12 0], perpen-
dicular to the stripes, exhibited two superimposed peaks,
separated by atilt of 0.2°, as shown in Figure 8 (b).

Unlike LEO, coaesced PE GaN epilayers obtained
using silicon nitride masks contain two sets of coalesced
growth fronts, namely, over the trenches and over the
masks. A spatially sensitive method of evaluating the tilt
in PE grown GaN isrequired to determineif it is present

at both areas of coalescence. Figure 9 (a) shows a typi-
cal TEM selected area diffraction pattern taken from a
small areaof coalescencein atrench region. Figure 9 (b)
shows the pattern taken near the region of coalescence
over the silicon nitride mask. Analysis of these two pat-
terns revedls little evidence of tilt in the laterally grown
material over the trenches; however, significant tilt has
occurred over the mask regions of the seed structures.
The presence of two crystallographic orientations tilted
towards each other have also been reported in GaN films
grown vialateral epitaxial growth (LEO) [29] [30] [31]
[32]. Thus the mask has markedly influenced the crys-
tallographic tilt in the overgrown film. Additional influ-
ences of the masks on the quality of the overgrown GaN
layer are shown (1) by the voids observed above the
masks and similar to those shown in Figure 5 and Figure
7 and (2) the formation of boundariesin the area of coa-
lescence due to the misregistry between the two growth
fronts meeting above each mask, as shown in Figure 10.
This last figure shows that the growth fronts on both
sides of the coalescence boundary are highly defective
as a result of the crystallographic misregistry at the
boundary. Results similar to these have been reported
for GaN films grown viaLEO by Lilienthal-Weber, et al.
[33]. These problems are also associated with the PE of
Al,Gay N films with the additional problem of nucle-
ation of AIN on the masks.

A typical room temperature PL spectrum for a PE
GaN film grown on 2 um wide raised stripes, oriented in
the [1100] direction, spaced 3 um apart and capped
with a silicon nitride mask is shown in Figure 11. The
band-edge emission peak and a deep level (yellow lumi-
nescence) emission peak on alinear intensity scale were
located at 363.6 nm (3.41 eV) and ~570 nm, respec-
tively. The FWHM value of the band-edge emission was
109 meV. The low temperature (14K) PL spectrum on a
logarithmic intensity scale showed a strong near band-
edge emission at 359 nm (3.45 V), as shown in Figure
12. The FWHM was 17 meV. Also included in Figure 12
is alow temperature PL spectrum of PE GaN grown on
a GaN/AIN/6H-SIC substrate. The band-edge pesk in
thelatter spectrum is at 358 nm (3.46 eV) witha FWHM
of 16 meV. A comparison of these two spectra indicates
that the optical character of the PE GaN grown on the
3C-SIC/Si substrate is nearly identical to the quality of
the PE GaN grown on the 6H-SiC substrates. The band-
edge of the PE GaN grown on S is shifted by 10 meV to
a dightly lower energy than that of the PE GaN grown
on SIC, which is indicative of a dightly higher tensile
stress in the film of the former. This is caused by the
larger lattice parameter of the Si substrate, compared to
SiC and a bigger difference in thermal expansion coeffi-
cient between GaN and Si. The linewidth of the near
band-edge emission peak is increased in the case of the
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3C-SIC/Si substrate in comparison to the GaN/AIN/6H-
SiC substrate. This increase cannot be explained at this
time.

3.2 Growth from Unmasked GaN and AlGaN Stripes
3.2.1 Silicon Carbide Substrates

The tilting and consequent void formation, crystallo-
graphic misregistry and boundary formation caused by
growth over the silicon nitride masks shown by the X-
ray and TEM studies discussed above is unacceptable
for a semiconductor film on which devices would be
fabricated. The advantage of the masks in blocking the
vertical propagation of threading dislocations from the
initial GaN or Al,Ga;_«N stripes in the pendeo-epitaxial
areas is outweighed by the formation of the boundaries
and the horizontal dislocations due the crystallographic
misregistry. As such, the use of masks was discontinued
and a variation in the above process route was devel-
oped.

Electron beam lithography was applied to reduce the
width of the GaN stripes to submicron dimensions, and
the masking layer was eliminated. Figure 13(a) showsa
GaN film grown from submicron wide, unmasked GaN
seed posts on a 6H-SIC substrate. Neither voids nor
misregistry above the stripes is visible. The TEM
micrograph in Figure 13(b) reveals a significant reduc-
tion in the density of vertically oriented threading dislo-
cationsin the laterally and vertically grown GaN relative
to the stripes. Some dislocations threaded vertically, but
with a gradual reduction in density. No dislocations or
boundaries were generated within the areas of coales-
cence over the trench above the void. Selected area dif-
fraction patterns from above the stripes and above the
voids showed little evidence of tilt in thisfilm.

Pendeo-epitaxial films of Al1gGaggN were grown on

submicron wide, unmasked GaN stripes on 6H-
SiC(0001) substrates, as shown in Figure 14 (a). A large
area scan via high resolution Auger electron spectros-
copy revealed a variation in the Al content of +/- 0.5%
[24]. The elimination of the masking layer was neces-
sary, as Al,Gay_«N nucleates on the silicon nitride mask
layer. The TEM micrograph in Figure 14 (b) shows no
lateral propagation of the vertically oriented threading
didocations in the laterally grown Al;qGaggN regions.

Only the threading dislocations within the GaN stripe
propagated verticaly into the newly deposited GaN.
Selected area diffraction in the TEM of the areas of the
film coalesced over the AloGaggN stripes revealed nei-
ther tilting nor a boundary of coalescence, in contrast to
those films that coalesced over the silicon nitride masks.
The uniform density in the film contrast in Figure 14 (b)
within the areas of coalesce over the SIC aso indicates
that no boundary formed in these regions. Dislocations
were not observed within the areas of coa escence above

the trench of this film. However, threading dislocations,
normally stopped by the amorphous silicon nitride mask
now extended into the newly deposited films. Prelimi-
nary analyses of the GaN seed/GaN PE and the AIN/
GaN PE interfaces reveded little evidence of the lateral
propagation of these defects.

Spatially resolved strain and optical emission plots
of stripe and wing regions were produced by micro-
Raman and micro-PL measurements at a temperature of
8K. Micro-Raman measurements of an uncoalesced PE
GaN Film indicate a shift in the E; phonon to higher fre-
guency in the wing with respect to the stripe (Figure 15).
The shift corresponds to a relaxation in the wing mate-
rial that is also measured in XRD by a reduction in the
| attice parameters, a(-0.07%) and c(+0.03%) in the wing
material. The wing material is relaxed with less strain
and also emits very sharply in photoluminescence (PL).
The donor bound exciton emission peak in the wing
material has a FWHM value less than 300 peV (below
the resolution of the equipment) compared to 12 meV
for the stripe material as seen in Figure 16. The sharp
optical emission from the wing materia is comparable
to homoepitaxy GaN grown on bulk GaN crystals [34].

A downshift in the DX peak of 5 meV in the post with
respect to the wing is due to an increase in tensile strain
in the former.

3.2.2 Silicon Substrates

Absence of dislocationsin the laterally overgrown mate-
rial was aso obtained for PE GaN films grown laterally
and vertically from an unmasked, raised GaN stripe
etched into a GaN/AIN/3C-SIC/Si(111) substrate, as
shown by a representative sample in Figure 17 (ab).
The TEM image in Figure 17 (b) again reveals a signifi-
cant reduction in density of vertically oriented threading
dislocations in the laterally grown GaN region. Some
horizontally oriented dislocations that do not propagate
to the surface of the film were generated at the GaN/AIN
interface of the GaN seed post. Dislocations generated
at the GaN/AIN interface in the (0001) planes of the
GaN stripes did not propagate vertically to the surface of
the film.

4 Summary

Pendeo-epitaxy has been developed as an alternative and
more simple approach of growing uniformly thin films
with low densities of threading dislocations over the
entire surface of a substrate. In particular, the growth of
both discrete structures and coalesced GaN and Al,Gay.
«N films and multilayer heterostructures using pendeo-
epitaxy on etched GaN seed layers previously grown on
AIN(0001)/6H-SIC(0001) and AIN(0001)/SiC(111)/
Si(111) substrates has been demonstrated. Tilting in the
coalesced GaN epilayers of 0.2° was confined to areas
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of mask overgrowth; very little tilting was observed in
the material suspended above the trenches or grown over
unmasked stripes. The strong, low-temperature PL
band-edge pesk at 3.45 eV with a FWHM of <300 peV
was measured in the overgrowth GaN material. The
band-edge in the material on Si(111) was shifted by 10
meV to a lower energy, indicative of a greater tensile
stress.
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Figure 1. Schematic of pendeo-epitaxial growth of GaN from
etched GaN (1 1 2 0) sidewalls and over asilicon nitride mask.

Silicon Nitride Mask
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Figure 2. Cross-sectiona SEM of a GaN pendeo-epitaxial
growth structure with limited vertica growth from the seed
sidewalls and no growth on the seed mask.
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Figure 3. Cross-sectional SEM of a GaN/Al,oGaggN pendeo

epitaxial growth structure showing coalescence over a seed
mask.

Figure 4. Cross-sectiona TEM of a GaN pendeo-epitaxial
structure showing confinement of threading disl ocations under
the seed mask, and a reduction of defectsin the regrowth area.
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Figure 5a. Micrographs taken via cross-sectiona SEM of
examples of masked pendeo-epitaxia growth with coalescence
over and between the seed forms resulting in a single GaN

layer.

Figure 5b. Micrographs taken via plan-view SEM of examples
of masked pendeo-epitaxial growth with coalescence over and
between the seed forms resulting in asingle GaN layer.
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Figure 6. Low temperature (7K) photoluminescence spectrum
of a coalesced layer of pendeoepitaxial GaN grown on a GaN/
AIN/6H-SIC substrate.
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Figure 7. Cross-sectional SEM micrograph of a coalesced PE GaN epilayer deposited on a masked GaN/AIN/3C-SiC/Si(111)

substrate.
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Figure 8. Double crystal XRD analysis of the tilting in the
coalesced PE films.
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Figure 10. TEM micrograph of aGaN film grown over asilicon
nitride mask. The coal escence boundary acted as a nucleation
source for horizontally oriented dislocations.

Figure 9a. TEM selected area diffraction patterns from (a) a
small section of coalesced PE GaN over atrench region and (b)
asmall area of PE GaN imaged from an area over the silicon

nitride mask. T T T T

363.6 nm
F 341eV b
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| | |
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Figure 11. Room temperature photoluminescence of a
coalesced layer of PE GaN grown on a GaN/AIN/3C-SiC/
Si(111) substrate.

Figure 9b. see caption for Figure 9a
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Figure 12. Comparison of low-temperature (14K) PL spectraof
PE GaN grown on GaN/AIN/6H-SiC and GaN/AIN/3C-SiC/
Si(111) substrates.

Figure 13a. GaN film grown on unmasked, submicron wide
stripes of a GaN/AIN/6H-SiC(0001) substrate. No misregistry
above the GaN stripes was observed.

Figure 13b. TEM micrograph of the sample shown in (a). A
significant reduction in the density of threading dislocations
has been obtained in the PE GaN compared to the GaN stripes.
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Figure 14a Al;qGaggN film grown via pendeo-epitaxy on
unmasked GaN seed posts on a 6H-SIC substrate. No
misregistry above the GaN seed postsis observable.

Figure 14b. TEM micrograph of the samplein (a). A significant
reduction in density of threading dislocations in the pendeo-
epitaxial AloGaggN compare to the GaN seed post is obvious.

x {um)

Figure 15. Two-dimensional space plot of Raman line
frequency of an uncoalesced PE GaN film (specifically awing
and striperegion). Anincreasein the line frequency represents
arelaxation of strain in the material.
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Figure 16. Photoluminescence (PL) spectrataken from the wing and stripe region of an uncoalesced PE GaN film. Notethe FWHM

vaue for the wing peak is <300 peV.

PENDEQ-GaN

HCSU

Figure 17a. Coalesced GaN films grown on un-masked GaN
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Figure 17b. TEM micrograph of the samplein (a). A significant
reduction in density of threading dislocations occurred in the
pendeo-epitaxial GaN compared to the GaN stripes.

stripes on a GaN/AIN/3C-SIC/Si(111) substrate. No
misregistry above the GaN seed post was observed.
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