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Abgract : High quality GaN is grown on GaN substrate with stripe pattern by metal organic chemical vapor deposi-
tion by means of epitaxial lateral overgrowth. AFM ,wet chemical etching,and TEM experiments show that with a
two-step EL OG procedure,the propagation of defects under the mask is blocked,and the coherently grown GaN
above the window also experiences a drastic reduction in defect density. In addition,a grain boundary is formed at
the coalescence boundary of neighboring growth fronts. The extremely low density of threading dislocations within
wing regions makes ELOG GaN apotential template for the fabrication of nitride-based lasers with improved per-

formance.

Key words: metalorganic chemical vapor deposition; GaN; epitaxial lateral overgrowth; dislocation

PACC: 7280E; 6855; 617QJ

CLC number : TN304 2% 3 Document code: A

1 Introduction

Group  nitrides have recently become thefo-
cus of numerous research groups worldwide be
cause of their potential applications in optoelec
tronics. Due to a lack of large area native sub-
strates,nitride semiconductor structures have been
developed by heteroepitaxial growth on foreign
substrates such as sapphire ,6H-SC,and S. How-
ever ,GaN epilayers always suffer from high diso-
cation densties in the range of 10° to 10°cm’?,
which may result from the large difference in the
lattice constants and the thermal expansion coeffi-
cients between GaN and the substrates’” . In a two-
step growth of GaN on sapphire ,it has been dem-
onstrated that an appropriate three-dimensonal nu-
cleation mode could decrease the disocation density
to the order of 10°cm ?* *. However ,only when
the didocation density islow can better device per-
formance be achieved ,especially for laser diodes.
For this reason, epitaxial latera overgrowth
(ELOG) was introduced® ” ,and this technique
has resulted in sgnificant improvement in the per-
formance of nitride laser diodes'® .
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More recently ,the first pulsed operation of a
nitride-based laser diode at room temperature in
mainland China was realized in our group' . In-
stead of an EL OG GaN template ,this nitride based
laser was grown on sapphire substrate. Therefore,
the ELOGof high quality GaN is necessary to inr
prove the performance of nitride-based laser di-
odes. We report here high quality the ELOG of
GaN by metalorganic chemical vapor deposition
(MOCVD) . Atomic force microscopy (AFM) ,wet
chemical etching, scanning electron microscopy
(SEM) , double crystal X-ray diffraction (DC
XRD) , and transmisson electron microscopy
(TEM) were used to characterize the dislocation
reductionin ELOG GaN.

2 Experiment

A GaN template was grown on (0001) Al.Os
substrate with a closed- pace showerhead MOCVD
reactor with H: carrier gas. Trimethylgallium
(TM Ga) and N Hs were used as precursors. After
the deposition of about 21 m of GaN film by a con-
ventional two-step method, a 50nm thick SxNy
mask layer was deposited by plasma enhanced
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chemical vapor deposition. The mask was then pat-
terned usng standard photolithography to open
stripe-like windows aligned along the 1010 GaN.
The window stripes were 31 m in width and were
spaced 2@ m apart. Subsequently, the patterned
substrate was reloaded into the MOCVD system.
During the first step of overgrowth,a triangular
cross section was developed with alow /  ratio
(' 300) and low temperature ( 1020 ) followed
by a second step in which lateral overgrowth and
coalescence were carried out with a high /  ra
tio ( 2700) and elevated temperature (
1080 ).

Asgrown ELOG samples were characterized
by SEM usng a Cambridge S360. The surface to-
pography was measured with an XE 100 AFM op-
erating in non-contact mode. Samples were etched
in molten KOH for 10min to form etching pits on
the surface and were then observed by SEM. The
crystalline properties of the ELOG GaN and GaN
template were analyzed by a Rigaku 9L X-1A X-ray
double crystal diffractometer with Cu Ki: radia
tion. TEM observations were carried out with a
Philips CM200 operating at 200kV .

3 Resultsand discussion

Figure 1 shows plane-view and cross sectional
SEM micrographs of coalesced ELOG GaN. The
sapphire substrate,the GaN template,the SxNy
mask layer ,and the overgrown GaN can be readily
distinguished in the cross sectional image. Tapered
voids can be seen at the merging fronts,which cor-
respond to the vertical linesin the plane-view im-
age. By examining perspective views,in which the
surface and section of a sample can be observed
smultaneoudly ,the contrast lines in Fig.1 can be
assgned to the coalescence boundary of neighbor-
ing merging fronts. The full-width at half maxi-
mum (FWHM) of (0002) reflection for the 21 m
GaN template is about 360" ,while the FWHM of
(0002) reflectionfor the ELOG sample ,whichisa
bout ¢ m thick ,is 180" when the diffraction plane
isparallel to the (1120) plane. Furthermore ,when
the diffraction plane is perpendicular to the (1120)
plane,no peak splitting is vishle in the rocking
curve ,which implies a relatively small tilt angle of
the wing region with respect to the window region.

Fig.1 Pane view (a) and cross sectional view (b) of
SEM imagesfor coalesced ELOG GaN samples One of
the merging front related contrast lines is highlighted
by a vertical arrow.

Wet chemical etching is a commonly used
technique for surface defect investigation because
of itslow cost and s mple equipment. In thispaper ,
both the GaN template and ELOG sample were
etched in molten potassum hydroxide (KOH) at
180 for about 10min. It should be noted that the
KOH etchant in this study is pure KOH that has
been heated to its molten state rather than an aque-
ous KOH solution. Figures 2(a) and (b) show the
etch pits on the etched surface of the GaN and
EL OG samples,respectively. The etch pits revealed
by the KOH etch,mostly hexagonally shaped ,are
ascribed to threading disocations( TD) with screw
character or mixed character. The etch pit densty
of GaN template ,as estimated from Fig.2(a) ,isa
bout 8 x 10°cm™?. On the contrary ,three different
regions can be distinguished on the etched surface
of the ELOG GaN (Fig.2(b)) according to the de-
fect dendty-namely,the window region,wing re
gion ,and the merging front. In the window region,
didocation related etch pits can be observed with a
densty of about 7 x 10°cm™? ,an order of magni-
tude less than that of GaN template. However ,the
wing region over the SxNy mask is nearly free of
etch pits. Quantitatively ,the didocation density in
the wing region is about 5% 10*cm™? ,which is two
orders of magnitude less than that of the GaN tem-
plate. In addition few etch pits,with a density of 1
x10%*cm™? ,can be found along the merging fronts.

A3 mx3mAFM scan of the typical surface
morphology of the GaN template grown by the
two-step methodis shownin Fig. 3(a) . The surface
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Fig.2 Surface morphology of GaN template (a) and
ELOG GaN (b) &fter etching in molten KOH ,where
the symbols M ,W ,and M. F. indicate the region over
the mask ,window region ,and merging front ,respective-

ly

of the GaN template is quite smooth ,with a root-
mean-square (RMS) roughness of 0. 61nm, and
conssts of well-defined terraces separated by high
steps of about 0. 3nm. This step height agrees well
with a monolayer of (0001) GaN (d 2=0 26nm).
It is generally accepted that the step termination on
a single crystal surface results from the intersec
tion of TD of either pure screw or mixed screw-
edge character with the free surface ' .

A density of 2 1 x10%cm ? of TD with a screw
component can be extracted by counting the step
terminationsin theimage. Figure 3(b) shows AFM
images of the ELOG GaN. These images are a
montage of 4l m X 4 m scans showing TD reduc
tion across the window region. Several step termi-
nations can be found in the GaN grown in the o-
pening,corregponding to a TD dendty of 2 5 x
10°cm’ ? with screw character. In contrast ,the lat-
erally overgrown GaN, at least for the surface
scanned in this study ,is essentially free of step ter-

minations. The absence of such terminationson the
wing regionindicates that the density of pure screw
or mixed character disocations reaching the surface
is much lower in the overgrown GaN than in the
coherent GaN.

The right part of Fig. 3(b) reveas that the
step structure of the overgrown GaN is dramatical-
ly different from that of coherent GaN or template
GaN. The atomic steps on the surface of coherent
GaN or template GaN are closely associated with
the distribution of TDs,ascan be seenin Figs. 3(a)
and (b) . The surface of GaN within the wing re-
gionis nearly free of TDs,and thus the steps tend
to develop well-defined patterns along crystallo-
graphic directions. The steps that are aligned with
the 1100 directions exhibit a pairing effect where
the width of the terraces aternates between adja
cent stepsin a given direction,and between adja
cent 1100 directions for a given step (see the
white arrowsin Fig.3(b)) . In some cases the nar-
row steps seem to disappear completely in a given
direction but reappear when the step orientation
rotates by 60°. Smilar step-edge anisotropy was
observed on all samples analyzed here o far and
was a s found by other groups™ . The observa
tions of such step-edge ani sotropy can be explai ned
by the crystal structure of GaN'™'. For an hcp
film ,the (0001) surface of the terraces conssts of
Ga atoms with one dangling bond per atom. Note
that the GaN bilayers are rotated by 60° for adja
cent terraces,as is expected from the symmetry of
the wurtzite GaN (6s screw axis paralel to the ¢
axis) . By minimizing the dangling bond density,
one can find that the number of dangling bonds per
nitrogen atom on successve step edgesin the 11
00 directions aternates between one and two.
Therefore ,the termination type alternates between
adjacent stepsin a given direction and between ad-
jacent 1100 directionsfor a given step.

TEM analyss was performed to provide fur-
ther ,direct insight into the didocation behavior in
the ELOG sample. Figures 4 (a) , (b) ,and (c)
show the didocation arrangement in the wing ,win-
dow ,and merging front regions,respectively. In the
wing region (Fig. 4(a)) ,all the didocations under
the dielectric mask terminate when they encounter
the mask. As a result ,the wing region is almost
free of threading didocations. In the window region
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(Fig. (4b)) ,athough all the didocations within
the window come from the underlying GaN tem-
plate ,they do not thread through the upper materi-
al to the epilayer surface. The didocation bending
behavior within the window may be ascribed to the
phenomenon that threading dislocations will
change their direction once they intersect the in-
clined (112n) plane along the growth window edge
formed at the end of the first step of the ELOG
procedure (the morphology of the EL O G sample at
the end of the first growth step is not presented
here) .

As observed in the cross sectiona SEM imr
age ,there is a void between neighboring merging
fronts in the central region above the dielectric
mask. A coalescence boundary is vishble over the
void which may have resulted from the coal escence
of lateral overgrowth (Fig.4(c)). Threading dido-
cations lying in the (0001) plane,which originated
from the bending of threading didocations within
the window when encountering the inclined plane
inthefirst growth step ,propagated along the 112
0 direction and terminated at the coalescence
boundary or the sdeface of the void. A large num-
ber of defects were formed at the coalescence
boundary ,and these defects may result from the
coalescence of two neighboring GaN growth fronts
which have oblique crystallographic planes with re-
spect to each other!™ . Note al s that such a coales
cence boundary is accompanied with a high-dengty
of defects that propagate vertically up to the free
surface ,but the dendty of these defectsisobvious
Iy much higher than that observed in wet chemical
etching along the merging fronts.

(@ An AFM image of typica GaN film showing step terminations that are due to the intersection of
either a pure screw or mixed threading didocation with the film surface; (b) Montagesof AFM images of suc
cessive 41 m x4l m scans from window to wing,where dark arrows are shown as a guide to the eye to point
out the step terminations

There exists a disagreement between the esti-
mate of didocation density from wet chemical etch-
ing and AFM observations ,especialy for the dido-
cations within window regions. Admittedly ,in wet
chemical etching ,the etch pit densty obtainedisin
the range of 10° to 10°cm”? ,which is lower than
the disocation density of 10° 10"cm’? found by
TEM™  In cross sectiona TEM anayss (not
shown) of pitson the surface of etched GaN ,each
etch pit corregponds to more than one didocation,
with the result that the disdocation dendty revealed
by wet chemical etching is much lower than that
found by AFM and TEM. Therefore ,although the
etch pit density cannot provide information about
the real didocation density in the epilayer, wet
chemical etching is still a smple and efficient way
to determine the spatial distribution of didocations
on the surface of ELOG GaN. Additionally ,the de-
fects over voids at the coalescence boundary were
foundin all XTEM imagesof ELOG GaN analyzed
s far ,which implies that a grain boundary ,instead
of small angle grain boundary ,exists at the coales
cence boundary.

An AFM image scanned across a merging
front, shown in Fig. 5, confirms the coalescence
boundary observed with XTEM. In Fig.5 ,a micro-
scopic step ,instead of atomic step ,with a fall of
tens of nanometers across the neighboring merging
front can be found along the merging front. The
misorientation between the GaN in the window re-
gion and that in the wing region may account for
the large height difference of neighboring merging
fronts. The defect array formed along the coales
cence front is beyond the capability of wet chemical
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etching ,which only reveals a few such defects,as
can be seenin Fig.2(b) .

Template GaN

the SEM chamber ,these regions tend to emit larger
amounts of secondary electrons than those in the

Fig.4 (1010) cross sectional TEM images of ELOG sample taken in the wing region (a) ,window region (b) ,

and the vicinity of the merging front (c)

FHg.5 5@ mx5@ m AFM scan of ELOG GaN

Now we discuss the merging front related con-
trast linesin plane view SEM images asin Figs. 1
and 2(b) . The origin of such contrast lines remains
unclear. We present two possble explanations for
this phenomenon in this paper. The first possble
explanation is the enhanced emisson of secondary
electrons along the merging fronts. It is well
known that secondary electron images present a
three-dimensional appearance due to the shadowing
of emitted electrons by rough surfaces and provide
an excellent view of surface topography. The dra
matic height difference across the coalescence
boundary (see Fig.5) may lead to the concentra
tion of secondary electrons and consequently the
enhanced emission of secondary electronsin the re-
gion ,which makes the coal escence boundary appear
to be a contrast linein the plane view SEM images.
The second but no less plausible reason might be
the high density of defects formed along the mer-
ging fronts, as revealed by the XTEM image in
Fig.4(c). The high density of defects may help to
improve the conductivity within the merging front.
When struck by the accelerated electron stream in

adjacent wing regions,and thus contrast lines are
visible exactly along the coalescence boundaries.

4 Conclusion

In summary ,high quality GaN was grown on
GaN substrate with stripe pattern by MOCVD by
means of epitaxial lateral overgrowth. The reduc-
tion of threading didocationsin the ELOG sample
has been studied by AFM ,wet chemical etching,
and TEM. Experimental resultsfrom these charac-
terization methods condstently demonstrate the
presence of three distinctive regionsin the ELOG
GaN sample ,namely ,window regions with reduced
threading didocations,wing regions with aimost no
didocations ,and merging fronts with dense arrayed
defects. Wet chemical etching cannot exactly deter-
mine the didocation density in GaN ,and most of
the densely distributed defects along the coales
cence front are undetectable in wet chemical etch-
ing. However ,the extremely low density of threa
ding didocations within the wing regions makes
the ELOG GaN a potential template for the fabri-
cation of nitride-based lasers with improved per-
formance.
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