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The microstructure and the lateral epitaxy mechanism of formation of homoepitaxially and
selectively grown GaN structures within windows in SiO2 masks have been investigated by
transmission electron microscopy~TEM! and scanning electron microscopy. The structures were
produced by organometallic vapor phase epitaxy for field emission studies. A GaN layer underlying
the SiO2 mask provided the crystallographic template for the initial vertical growth of the GaN
hexagonal pyramids or striped pattern. The SiO2 film provided an amorphous stage on which lateral
growth of the GaN occurred and possibly very limited compliancy in terms of atomic arrangement
during the lateral growth and in the accommodation of the mismatch in the coefficients of thermal
expansion during cooling. Observations with TEM show a substantial reduction in the dislocation
density in the areas of lateral growth of the GaN deposited on the SiO2 mask. In many of these areas
no dislocations were observed. ©1997 American Institute of Physics.@S0003-6951~97!00843-7#
or
u

ca
u

ar
N

o

ee
ra
en

nd
lN

ll
lli
l

re
nt

s
s

te
ec
id
m

n

ta
sh
s

-

he
on
ds

in
rp
se-

iety
i-
pa-
ne
nd
if-
b-

ex-
the
n

ns
ly
ing

w-
Group III nitrides are being extensively investigated f
microelectronic and optoelectronic device applications d
to their wide direct band gap and good thermal, chemi
and mechanical stability. Two examples of the numero
published reviews and compilations of this research
given in Refs. 1 and 2. The negative electron affinity of Al3

and the low positive electron affinity of GaN4,5 also make
them promising candidate materials for field emitters.5,6 The
selective growth of GaN hexagonal pyramids and stripes
patterned GaN~0001! films on sapphire4,7,8 and 6H–
SiC~0001! substrates5,9 have been reported. The defect fr
microstructure of selectively grown GaN related to the late
epitaxy formation mechanism is reported in the pres
study.

Selective homoepitaxial growth of GaN pyramids a
stripes has been achieved on circular patterned GaN/A
6H–SiC~0001! multilayered structures having a top SiO2

layer containing circular windows with 5 and 10mm diam-
eters for the pyramids, and 3 and 5mm striped windows for
the GaN stripes. The nitride films were grown in a cold wa
vertical, pancake-type, rf inductively heated organometa
vapor phase epitaxy~OMVPE! system. The experimenta
growth parameters of the films are described elsewhe10

The thicknesses of the AlN buffer layer and the subseque
grown GaN layer were 1000 Å and 1.75mm, respectively.
The SiO2 layers were deposited via rf sputtering or low pre
sure chemical vapor deposition. The parameters for the
lective OMVPE growth of the GaN have also been repor
previously.5,9 In the present research the morphology, def
microstructure, and formation mechanism of the pyram
and stripes have been investigated by scanning electron
croscopy~SEM! ~JEOL 6400 FE! and transmission electro
microscopy ~TEM! ~TOPCON 002B, 200 kV!. Cross-
sectional samples for TEM have been prepared using s
dard procedures involving the sequence of grinding, poli
ing, and ion milling. All of the presented TEM micrograph
are in bright field imaging conditions.

Each of the pyramids has six (110̄1) side facets as ob
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served via SEM and shown in Fig. 1. The final size of t
base of the GaN pyramids as well as their height depend
the window-to-mask area ratios. Reduction of this ratio lea
to an increase in the averagelateral width under the same
growth conditions.9

Cross-sectional TEM from a pyramid array is shown
Fig. 2. This figure reveals that the pyramids grow with sha
closed tops and as single crystals, as revealed from the
lected area diffraction pattern shown as an inset. The var
of facet angles evident from the low magnification TEM m
crograph reflects the fact that during the TEM sample pre
ration the cut is made not in a straight line crossing o
pyramid row only, but at an angle to a particular row a
cutting different slices through the pyramids which have d
ferent heights and angles with respect to their normal. O
servations with TEM also reveal that the GaN pyramids
tend laterally at dimensions larger than the diameters of
windows. A low magnification TEM micrograph of a portio
of one GaN pyramid in the@112̄0# orientation is shown in
Fig. 3~a!. Representative distributions of the dislocatio
within the pyramid and the underlying GaN film are clear
observed. The defects in the initial GaN film are thread

FIG. 1. SEM picture of a pyramid array grown at 0.23 ratio of the windo
to-mask areas.
97/71(17)/2472/3/$10.00 © 1997 American Institute of Physics
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segments of dislocations perpendicular or nearly perpend
lar to the interface plane and short dislocation half loops n
the GaN/AlN interface. It is important to note that the disl
cations extend into each pyramid only above the wind
areas. Thus, the microstructure of each pyramid is chara
ized by two distinct regions, denoted A and B and sho
pictorially in Fig. 3~a! and schematically in Fig. 3~b!. Region
A, located above the window area, and corresponding to
vertical growth, contains dislocations at a density com
rable with that of the underlying GaN film within;3 mm
distance from the GaN/GaN homoepitaxial interface. M
of the extended dislocations propagate throughout the G
film from the GaN/AlN and AlN/6H–SiC interfaces. Th
main cause of the generation of these defects is the mism
in the lattice parameters at these interfaces. The final di
bution of the dislocations is determined by the differences
both lattice parameters and coefficients of thermal expan
among these phases. The dislocation density diminis
within a pyramidal volume which ends at approximately o
third of the pyramid height; no dislocations were observed
higher elevations in the pyramid structure.

Region B of the pyramid above the SiO2 mask area sur-
rounding the window, and corresponding to the late
growth, is nearly free of observable defects. Very few sh
edge-on dislocation segments~D! parallel to the interface
plane and few overlapping stacking faults~SF! in the vicinity
of the GaN pyramid/SiO2 interface were observed. The hig
resolution TEM from the top and from the~11̄01! sidewalls
of the pyramids again revealed material regions essent
free of dislocations.

Analysis with TEM revealed similar results about th
microstructure of selectively grown GaN striped pattern a
namely substantial reduction in dislocation density in the
eas of lateral growth of GaN. The low magnification TE
micrograph from a selectively grown GaN stripe shown
Fig. 4 clearly reveals the difference in the dislocation dens
in the areas with vertical growth (;108– 109 /cm2) and
those with lateral growth over the SiO2 mask~defect free!. In
our best samples we were able to reveal dislocation free
gions of dimensions 4.5mm along the interface line o
@11̄00# direction 39.3mm along@0001# or the normal with
respect to the film surface3;0.1mm within the sample
thickness or along the@112̄0# direction.

The formation mechanism of the selectively grown G

FIG. 2. Low magnification cross-sectional TEM of GaN pyramid array
@112̄0# orientation. The inset is a selected area diffraction pattern from
pyramid revealing its single crystal character.
Appl. Phys. Lett., Vol. 71, No. 17, 27 October 1997
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structures in this study is lateral epitaxy. The two ma
stages of this mechanism are:~i! vertical growth and~ii !
lateral growth.11 During the first stage the deposited Ga
grows selectively within the GaN windows more rapid
than it grows over the surrounding SiO2 mask region due to
the much higher sticking coefficient,s, of the Ga adatoms on
the GaN surface (s51) than on SiO2 mask (s;0). This is
the expected result as the SiO2 bond strength is 799.6 kJ/mo
and much higher than that of Si–N~439 kJ/mol!, Ga–N~103
kJ/mol!, and Ga–O~353.6 kJ/mol!.12 Thus it would be un-
likely for Ga or N adatoms to bond to the SiO2 surface in
numbers and for a time sufficient to cause GaN nuclei
form. They would either evaporate or diffuse along the s
face to the opening in the mask or to the vertical GaN s
faces which have emerged. During the second stage the
grows simultaneously both vertically and laterally over t

a

FIG. 3. ~a! Microstructure of selectively grown GaN pyramid in@112̄0#
orientation of the foil. Two distinct regions are observed: region A, loca
above the window in the SiO2 and having a high dislocation density; an
region B located above the mask with very few dislocations~D!, with lines
parallel to the interface plane and a low concentration of overlapping st
ing faults ~SF! close to the GaN/SiO2 interface. ~b! A schematic of the
typical microstructure and lateral epitaxy mechanism of the selectiv
grown pyramid.
2473Zheleva et al.
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mask from the material which emerges over the window
Surface diffusion of Ga and N on the SiO2 may play a

minor role in GaN selective growth; however, the ma
source of material is derived from the gas phase. This
been demonstrated by the fact that an increase in the T
flow rate causes the growth rate of the~0001! top facets to
develop faster than the~11̄01! side facets and thus contro
the lateral growth.8,9

The laterally grown GaN is bonded to the underlyi
SiO2 sufficiently strongly that it does not break away o
cooling. However, lateral cracking within the SiO2 is com-
monly but not universally observed in the samples as a re
of thermal stresses generated on cooling. The nature o
bonding of the laterally grown GaN with the SiO2, i.e., me-
chanical, chemical, or both is not known at this time. T
viscosity ~r! of the SiO2 at the growth temperature o
1050 °C is;1015.5 poise which is one order of magnitud
greater than the strain point~;1014.5 poise! where stress re
lief in a bulk amorphous material occurs within approx
mately six hours.13 Thus the SiO2 provides limited compli-
ancy on cooling. As the atomic arrangement on
amorphous SiO2 surface is quite different from that on th
GaN surface, chemical bonding would occur only when
propriate pairs of atoms are in close proximity. Extreme
small relaxations of the Si, O, Ga, and N atoms on the
spective surfaces and/or within the bulk of the SiO2 may
accommodate the GaN and cause it to bond to the oxide

Finally, the coalescence of the laterally growing volum
results in nearly defect free regions, as shown in Fig.
Detailed studies of the selective growth and the lateral e
taxy mechanism of the latter structures will be presen
elsewhere.

In summary, significant reduction in the dislocation de
sity is achieved via lateral epitaxy in selectively grown Ga
pyramids and striped structures deposited within windo

FIG. 4. Cross-sectional TEM micrograph in@112̄0# orientation from a se-
lectively grown GaN stripe revealing the difference in dislocation density
the areas with vertical growth (108– 109/cm2! and those with lateral growth
over the SiO2 mask~defect free!.
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contained in SiO2 mask on GaN/AlN/6H–SiC heterostruc
ture. Analysis with TEM reveals that lateral epitaxy over t
amorphous SiO2 provided the formation mechanism for larg
volume percentages of nearly defect free single crystal G
Investigations regarding additional factors which control t
growth rate and the optimization of the growth conditions a
ongoing, as this process route has the potential as an a
native growth scheme to the conventional epitaxial growth
high quality GaN layered structures.
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FIG. 5. Microstructure of a region of coalescence of two laterally gro
areas of GaN stripes in@112̄0# orientation of the foil. Please note the chang
of the direction of the dislocation lines with the growth direction and the f
that the dislocation lines are predominantly parallel to the grow
direction—initially parallel to@0001# during the vertical growth and there
after parallel to@11̄00# direction, thus following the lateral growth.
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