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Abstract : High quality GaN is grow n on GaN subst rate wit h st rip e p at te rn by metalorganic chemical vap or dep osi2
tion by means of epitaxial late ral overgrowt h. A FM ,wet chemical etching , and TEM experiments show t hat wit h a

two2step EL O G p rocedure , t he p rop agation of def ects under t he mask is blocked , and t he coherently grow n GaN

above t he window also exp eriences a drastic reduction in def ect density. In addition , a grain boundary is f ormed at

t he coalescence boundary of neighboring growt h f ronts . The ext remely low density of t hreading dislocations wit hin

wing regions makes EL O G GaN a p otential template f or t he f abrication of nit ride2based lasers wit h imp roved per2
f ormance .
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1 　Introduction

Group Ⅲnit rides have recently become the fo2
cus of numerous research group s worldwide be2
cause of t heir potential applications in optoelec2
t ronics. Due to a lack of large area native sub2
st rates ,nit ride semiconductor st ruct ures have been
developed by heteroepitaxial growth on foreign
subst rates such as sapp hire ,6 H2SiC ,and Si. How2
ever , GaN epilayers always suffer f rom high dislo2
cation densities in t he range of 109 to 1010 cm - 2 ,

which may result f rom t he large difference in the
lat tice constant s and t he thermal expansion coeffi2
cient s between GaN and t he subst rates[1 ] . In a two2
step growt h of GaN on sapp hire ,it has been dem2
onst rated t hat an appropriate t hree2dimensional nu2
cleation mode could decrease t he dislocation density

to t he order of 108 cm - 2[2～4 ] . However ,only when

t he dislocation density is low can bet ter device per2
formance be achieved , especially for laser diodes.
For t his reason , epitaxial lateral overgrowt h
( ELO G) was int roduced[5～7 ] , and t his technique

has resulted in significant improvement in t he per2
formance of nit ride laser diodes[ 8 ] .

More recently , t he first p ulsed operation of a
nit ride2based laser diode at room temperat ure in
mainland China was realized in our group [9 ] . In2
stead of an ELO G GaN template ,t his nit ride2based
laser was grown on sapp hire subst rate. Therefore ,
t he ELO G of high quality GaN is necessary to im2
prove t he performance of nit ride2based laser di2
odes. We report here high quality t he ELO G of
GaN by metalorganic chemical vapor deposition
(MOCVD) . Atomic force microscopy (A FM) ,wet
chemical etching , scanning elect ron microscopy
( SEM ) , double crystal X2ray diff raction ( DC2
XRD ) , and t ransmission elect ron microscopy
( TEM) were used to characterize t he dislocation
reduction in ELO G GaN.

2 　Experiment

A GaN template was grown on (0001) Al2 O3

subst rate wit h a closed2space showerhead MOCVD
reactor with H2 carrier gas. Trimet hylgallium
( TM Ga) and N H3 were used as p recursors. After

t he deposition of about 2μm of GaN film by a con2
ventional two2step met hod , a 50nm t hick Si x N y

mask layer was deposited by plasma enhanced
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chemical vapor deposition. The mask was t hen pat2
terned using standard p hotolit hograp hy to open
st ripe2like windows aligned along the〈1010〉GaN.
The window st ripes were 3μm in widt h and were
spaced 20μm apart . Subsequently , t he pat terned
subst rate was reloaded into the MOCVD system.
During t he first step of overgrowt h , a t riangular
cross section was developed wit h a low Ⅴ/ Ⅲ ratio
(～300) and low temperat ure (～1020 ℃) ,followed
by a second step in which lateral overgrowth and
coalescence were carried out wit h a high Ⅴ/ Ⅲ ra2
tio ( ～ 2700 ) and elevated temperat ure ( ～
1080 ℃) .

As2grown ELO G samples were characterized
by SEM using a Cambridge S2360. The surface to2
pograp hy was measured wit h an XE 100 A FM op2
erating in non2contact mode. Samples were etched
in molten KO H for 10min to form etching pit s on
t he surface and were t hen observed by SEM. The
crystalline p roperties of t he ELO G GaN and GaN
template were analyzed by a Rigaku SL X21A X2ray
double crystal diff ractometer wit h Cu Kα1 radia2
tion. TEM observations were carried out with a
Philip s CM200 operating at 200kV.

3 　Results and discussion

Figure 1 shows plane2view and cross2sectional
SEM micrograp hs of coalesced ELO G GaN. The
sapp hire subst rate , t he GaN template , t he Si x N y

mask layer ,and t he overgrown GaN can be readily
distinguished in t he cross2sectional image. Tapered
voids can be seen at t he merging f ront s ,which cor2
respond to t he vertical lines in the plane2view im2
age. By examining perspective views ,in which the
surface and section of a sample can be observed
simultaneously , t he cont rast lines in Fig. 1 can be
assigned to t he coalescence boundary of neighbor2
ing merging f ront s. The f ull2widt h at half maxi2
mum ( FW HM) of (0002) reflection for t he 2μm
GaN template is about 360″, while t he FW HM of
(0002) reflection for the ELO G sample ,which is a2
bout 9μm thick ,is 180″when the diff raction plane
is parallel to t he (1120) plane. Furt hermore ,when
t he diff raction plane is perpendicular to t he (1120)

plane , no peak split ting is visible in the rocking
curve ,which implies a relatively small tilt angle of
t he wing region wit h respect to t he window region.

Fig. 1 　Plane view (a) and cross2sectional view (b) of

SEM images for coalesced ELO G GaN samples 　One of

the merging f ront related contrast lines is highlighted

by a vertical arrow.

Wet chemical etching is a commonly used
technique for surface defect investigation because
of it s low cost and simple equip ment . In this paper ,
both t he GaN template and ELO G sample were
etched in molten potassium hydroxide ( KO H) at
180 ℃for about 10min. It should be noted that t he
KO H etchant in t his st udy is p ure KO H t hat has
been heated to it s molten state rather t han an aque2
ous KO H solution. Figures 2 (a) and ( b) show t he
etch pit s on t he etched surface of t he GaN and
ELO G samples ,respectively. The etch pit s revealed
by t he KO H etch , mostly hexagonally shaped ,are
ascribed to t hreading dislocations ( TD) wit h screw
character or mixed character . The etch pit density
of GaN template ,as estimated f rom Fig. 2 (a) ,is a2
bout 8 ×106 cm - 2 . On the cont rary , t hree different
regions can be distinguished on t he etched surface
of t he ELO G GaN ( Fig. 2 (b) ) according to t he de2
fect density2namely , t he window region , wing re2
gion ,and the merging f ront . In the window region ,
dislocation related etch pit s can be observed wit h a
density of about 7 ×105 cm - 2 , an order of magni2
t ude less t han that of GaN template. However ,t he
wing region over t he Si x N y mask is nearly f ree of
etch pit s. Quantitatively , t he dislocation density in
t he wing region is about 5 ×104 cm - 2 ,which is two
orders of magnit ude less than t hat of t he GaN tem2
plate. In addition ,few etch pit s ,wit h a density of 1
×104 cm - 2 ,can be found along t he merging f ront s.

A 5μm ×5μm A FM scan of the typical surface
morp hology of the GaN template grown by t he
two2step met hod is shown in Fig. 3 (a) . The surface
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Fig. 2 　Surface morphology of GaN template (a) and

ELO G GaN ( b) after etching in molten KO H , where

the symbols M , W ,and M. F. indicate the region over

the mask ,window region ,and merging f ront ,respective2
ly

of t he GaN template is quite smoot h ,wit h a root2
mean2square ( RMS) roughness of 0161nm , and
consist s of well2defined terraces separated by high
step s of about 013nm. This step height agrees well
with a monolayer of (0001) GaN ( c/ 2 = 0126nm) .
It is generally accepted that t he step termination on
a single crystal surface result s f rom t he intersec2
tion of TD of either p ure screw or mixed screw2
edge character wit h t he f ree surface [ 10 ] .

A density of 211 ×108 cm - 2 of TD wit h a screw
component can be ext racted by counting t he step
terminations in t he image. Figure 3 (b) shows A FM
images of t he ELO G GaN. These images are a
montage of 4μm ×4μm scans showing TD reduc2
tion across t he window region. Several step termi2
nations can be found in t he GaN grown in t he o2
pening , corresponding to a TD density of 215 ×
107 cm - 2 wit h screw character . In cont rast ,t he lat2
erally overgrown GaN , at least for the surface
scanned in this st udy ,is essentially f ree of step ter2

minations. The absence of such terminations on t he
wing region indicates t hat t he density of p ure screw
or mixed character dislocations reaching t he surface
is much lower in t he overgrown GaN t han in t he
coherent GaN.

The right part of Fig. 3 ( b) reveals t hat t he

step st ruct ure of t he overgrown GaN is dramatical2
ly different f rom t hat of coherent GaN or template

GaN. The atomic step s on t he surface of coherent

GaN or template GaN are closely associated wit h

t he dist ribution of TDs ,as can be seen in Figs. 3 (a)

and ( b) . The surface of GaN wit hin t he wing re2
gion is nearly f ree of TDs ,and t hus t he step s tend

to develop well2defined pat terns along crystallo2
grap hic directions. The step s t hat are aligned wit h

t he〈1100〉directions exhibit a pairing effect where

t he width of t he terraces alternates between adja2
cent step s in a given direction , and between adja2
cent〈1 100〉directions for a given step ( see t he

white arrows in Fig. 3 ( b) ) . In some cases the nar2
row step s seem to disappear completely in a given

direction but reappear when t he step orientation

rotates by 60°. Similar step2edge anisot ropy was

observed on all samples analyzed here so far and

was also found by ot her group s[ 11 ] . The observa2
tions of such step2edge anisot ropy can be explained

by t he crystal st ruct ure of GaN [12 ] . For an hcp

film ,t he (0001) surface of the terraces consist s of

Ga atoms wit h one dangling bond per atom. Note

t hat t he GaN bilayers are rotated by 60°for adja2
cent terraces ,as is expected f rom the symmetry of

t he wurtzite GaN (63 screw axis parallel to the c

axis) . By minimizing the dangling bond density ,

one can find t hat t he number of dangling bonds per

nit rogen atom on successive step edges in t he〈11

00〉directions alternates between one and two .

Therefore ,t he termination type alternates between

adjacent step s in a given direction and between ad2
jacent〈1100〉directions for a given step .

TEM analysis was performed to provide f ur2
t her ,direct insight into the dislocation behavior in
t he ELO G sample. Figures 4 ( a ) , ( b ) , and ( c )

show t he dislocation arrangement in t he wing ,win2
dow ,and merging f ront regions ,respectively. In t he
wing region ( Fig. 4 (a) ) ,all t he dislocations under

t he dielect ric mask terminate when t hey encounter
t he mask. As a result , t he wing region is almost
f ree of t hreading dislocations. In t he window region
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Fig. 3 　(a) An A FM image of typical GaN film showing step terminations that are due to the intersection of

either a pure screw or mixed threading dislocation with the film surface ; (b) Montages of A FM images of suc2
cessive 4μm ×4μm scans f rom window t o wing ,w here dark ar rows are show n as a guide t o t he eye t o p oint

out t he step te rminations

( Fig. ( 4b) ) , alt hough all t he dislocations wit hin
t he window come f rom the underlying GaN tem2
plate ,t hey do not t hread t hrough t he upper materi2
al to t he epilayer surface. The dislocation bending
behavior wit hin t he window may be ascribed to the
p henomenon t hat t hreading dislocations will
change t heir direction once t hey intersect t he in2
clined (112n) plane along the growt h window edge
formed at t he end of the first step of t he ELO G
procedure (the morp hology of t he ELO G sample at
t he end of t he first growt h step is not p resented
here) .

As observed in t he cross2sectional SEM im2
age , there is a void between neighboring merging
f ront s in the cent ral region above t he dielect ric
mask. A coalescence boundary is visible over the
void which may have resulted f rom t he coalescence
of lateral overgrowt h ( Fig. 4 (c) ) . Threading dislo2
cations lying in the (0001) plane ,which originated
f rom t he bending of t hreading dislocations wit hin
t he window when encountering t he inclined plane
in t he first growt h step ,p ropagated along t he〈112
0〉 direction and terminated at t he coalescence
boundary or t he side face of t he void. A large num2
ber of defect s were formed at t he coalescence
boundary , and these defect s may result f rom the
coalescence of two neighboring GaN growth f ront s
which have oblique crystallograp hic planes wit h re2
spect to each ot her [13 ] . Note also that such a coales2
cence boundary is accompanied wit h a high2density
of defect s t hat p ropagate vertically up to t he f ree
surface ,but t he density of t hese defect s is obvious2
ly much higher t han t hat observed in wet chemical
etching along t he merging f ront s.

There exist s a disagreement between t he esti2
mate of dislocation density f rom wet chemical etch2
ing and A FM observations ,especially for the dislo2
cations wit hin window regions. Admit tedly ,in wet
chemical etching ,the etch pit density obtained is in
t he range of 105 to 108 cm - 2 , which is lower than
t he dislocation density of 108 ～1010 cm - 2 found by
TEM [14 ] . In cross sectional TEM analysis ( not
shown) of pit s on t he surface of etched GaN ,each
etch pit corresponds to more t han one dislocation ,
with the result t hat t he dislocation density revealed
by wet chemical etching is much lower than t hat
found by A FM and TEM. Therefore ,alt hough t he
etch pit density cannot p rovide information about
t he real dislocation density in t he epilayer , wet
chemical etching is still a simple and efficient way
to determine the spatial dist ribution of dislocations
on the surface of ELO G GaN. Additionally ,t he de2
fect s over voids at t he coalescence boundary were
found in all XTEM images of ELO G GaN analyzed
so far ,which implies that a grain boundary ,instead
of small angle grain boundary ,exist s at t he coales2
cence boundary.

An A FM image scanned across a merging
f ront , shown in Fig. 5 , confirms t he coalescence
boundary observed with XTEM. In Fig. 5 ,a micro2
scopic step , instead of atomic step , with a fall of
tens of nanometers across t he neighboring merging
f ront can be found along the merging f ront . The
misorientation between t he GaN in the window re2
gion and that in t he wing region may account for
t he large height difference of neighboring merging
f ront s. The defect array formed along t he coales2
cence f ront is beyond t he capability of wet chemical

224



第 3 期 Chen J un et al . : 　Dislocation Reduction in GaN on Sapphire by Epitaxial Lateral Overgrowth

etching ,which only reveals a few such defect s , as
can be seen in Fig. 2 (b) .

Fig. 4 　(1010) cross2sectional TEM images of ELO G sample taken in the wing region (a) ,window region (b) ,

and the vicinity of the merging f ront (c)

Fig. 5 　50μm ×50μm A FM scan of EL O G GaN

Now we discuss the merging f ront related con2
t rast lines in plane view SEM images as in Figs. 1
and 2 (b) . The origin of such cont rast lines remains
unclear . We p resent two possible explanations for
t his p henomenon in this paper . The first possible
explanation is t he enhanced emission of secondary
elect rons along the merging f ront s. It is well
known t hat secondary elect ron images p resent a
t hree2dimensional appearance due to t he shadowing
of emit ted elect rons by rough surfaces and provide
an excellent view of surface topograp hy. The dra2
matic height difference across t he coalescence
boundary ( see Fig. 5) may lead to t he concent ra2
tion of secondary elect rons and consequently the
enhanced emission of secondary elect rons in the re2
gion ,which makes t he coalescence boundary appear
to be a cont rast line in the plane view SEM images.
The second but no less plausible reason might be
t he high density of defect s formed along the mer2
ging f ront s , as revealed by t he XTEM image in
Fig. 4 (c) . The high density of defect s may help to
improve t he conductivity within t he merging f ront .
When st ruck by t he accelerated elect ron st ream in

t he SEM chamber ,t hese regions tend to emit larger
amount s of secondary elect rons t han those in t he

adjacent wing regions , and t hus cont rast lines are

visible exactly along t he coalescence boundaries.

4 　Conclusion

In summary , high quality GaN was grown on
GaN subst rate wit h st ripe pat tern by MOCVD by

means of epitaxial lateral overgrowt h. The reduc2
tion of t hreading dislocations in the ELO G sample
has been st udied by A FM , wet chemical etching ,
and TEM. Experimental result s f rom these charac2
terization met hods consistently demonst rate t he

p resence of t hree distinctive regions in t he ELO G
GaN sample ,namely ,window regions wit h reduced
t hreading dislocations ,wing regions with almost no
dislocations ,and merging f ront s wit h dense arrayed

defect s. Wet chemical etching cannot exactly deter2
mine t he dislocation density in GaN , and most of
t he densely dist ributed defect s along t he coales2
cence f ront are undetectable in wet chemical etch2
ing. However , t he ext remely low density of t hrea2
ding dislocations within t he wing regions makes
t he ELO G GaN a potential template for t he fabri2
cation of nit ride2based lasers wit h improved per2
formance.
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蓝宝石衬底上侧向外延 Ga N中的位错降低 3

陈 　俊 　王建峰 　王 　辉 　赵德刚 　朱建军 　张书明 　杨 　辉

(中国科学院半导体研究所 , 北京　100083)

摘要 : 采用侧向外延 ( ELO G)方法 ,在制作了条形掩膜图形的 GaN 衬底上用 MOCVD 生长高质量 GaN. A FM ,化
学湿法腐蚀及 TEM 分析表明 :采用两步法 ELO G生长的 GaN 中 ,掩膜下方的缺陷被掩膜所阻挡 ,窗口区内二次生
长的 GaN 的位错也大幅降低 ;在相邻生长前沿所形成的合并界面处形成晶界 ;化学湿法腐蚀无法得到关于合并界
面处缺陷的信息. 侧翼区域中极低的穿透位错使得 ELO G GaN 适用于在其上制作高性能的氮化物基激光器.

关键词 : 金属有机物化学气相沉积 ; GaN ; 侧向外延 ; 位错
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