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Self-organized propagation of dislocations in GaN films during epitaxial
lateral overgrowth

Akira Sakai®
Fundamental Research Laboratories, NEC Corporation, 34 Miyukigaoka, Tsukuba, Ibaraki 305-8501, Japan

Haruo Sunakawa, Akitaka Kimura, and Akira Usui
Optoelectronics and High Frequency Device Research Laboratories, NEC Corporation, 34 Miyukigaoka,
Tsukuba, Ibaraki 305-8501, Japan

(Received 26 April 1999; accepted for publication 29 November 1999

Dislocation propagation and defect evolution in GaN films formed by epitaxial lateral overgrowth
(ELO) are examined by transmission electron microscopy. A novel effect that induces
self-organized propagation of preexisting dislocations in ELO films is evaluated. This propagation
forms dislocations into bundle structures along the stripes of masks used for ELO. The dislocation
bundling gives rise to crystallographic tilting in the overgrown region on the mask and leads to a
total reduction of threading dislocation density in the film. 2000 American Institute of Physics.
[S0003-695(100)04504-9

Epitaxial GaN films are attractive as substrate materialslternative mask directiong1120) or (1100)) and growth
for blue-light-emitting diodes and laser diodes as well asmethods§HVPE or MOVPB. Although details were slightly
high-power electronic devices. Much attention has been didifferent from sample to sample, we consequently found that
rected to growing the films with low threading dislocation the (1120) HVPE, (1100) HVPE, and(1120) MOVPE
densities: Epitaxial lateral overgrowtELO) has proved to  samples had a common feature of defect morphology. We,
be a powerful technique for reducing the threading dislocatherefore, review here theg 120) HVPE sampl&’ shown in
tion density in various semiconductor filth$n order to im-  Fig. 1 as a representative of the others. One typical feature is
prove such a dislocated GaN film texture, ELO using hydrideangled dislocations; for example, denoted by type A. They
vapor phase epitaxHVPE)*® and metalorganic vapor originate from threading edge dislocations with a Burgers
phase epitaxyMOVPE)*® has been demonstrated. We havevector of b=1/31120) type that are the majority in the
revealed by transmission electron microsca@EM) the  substrate. The other feature is characterized by tilt bound-
structures of dislocations in HVPE-ELO filfhsand the  aries formed in the overgrown region, denoted by D1 and
structures of characteristic defects causing tilting of the D2. In each boundary, the composing dislocations with the
axis in the overgrown region of those filrhs. same Burgers vector run along the mask stripe and pile up

Crystallographic tilting, in other worddendingof the  approximately along th€0007) direction. Since the sign of
overgrown film, is recognized to be a common problem intheir Burgers vector is opposite to each other, i.e., the dislo-
various ELO films since it often occurred in other GaN cation corresponds to the uppéawer) edge of the extra-half
films 39 Although appropriate characterizations of the film plane in the D1(D2) defect, thec axes of two overgrown
structures have been previously achieved in these cases, urgions separated by the defects tilt toward the center of the
derstanding of the relationship between the microstructuremask with respect to the window region.
in the overgrown region and the defect morphology in the  Next, in order to elucidate the relationship between the
window region is still not satisfactory. In this letter, through dislocation propagation and the tilt boundary formation, we
TEM analysis of ELO-GaN films formed under various con-examine ELO films at the intermediate stage in the lateral
ditions, we clarify a novel effect of ELO that gives rise to overgrowth on the mask. Figure(@ is a typical cross-
self-organized propagatioof dislocations coming from the sectional TEM image near the overgrown region of the
window region. This propagation induces the crystallo-(1120) HVPE sample. It is observed that dislocations, iden-
graphic tilting in the overgrown region and eventually leadstical to type B as defined in Ref. 7, intersected witfld01}
to the reduction of threading dislocation density in the film.facet appearing during the lateral overgrowth. Note that

The substrate used in this experiment was @ni-thick  many end-on dislocations parallel to th&120] direction
GaN layer grown by MOVPE on a sapphi@00) wafer  were observed with some of them laying on top of each other
with the SiQ mask/window stripes along either tk&120)
or the(1100) directions of the GaN surface. ELO was per-
formed using either HYPE or MOVPE. The other experi-
mental details are available elsewh&ré.

We first look at the characteristic of defect morphology
in ELO films. In this study, we performed extensive TEM
observations on four types of films that were categorized by
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FIG. 2. (a) Cross-sectional TEM image wimﬁfloo showing dislocations
in the (1120) HVPE-ELO film at the intermediate stage in lateral over-
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FIG. 3. Schematic representation of type-A dislocation movement on the
plane by the forces under the positivg, condition in plan-view(left) and
cross-sectional viewright). The definition of the sign of Burgers vector that
determines the position of the extra-half plane follows that given in Ref. 12.
Directions of the forces|{,| =v3br,/4 and|f,|=3br,,/4) are indicated by

the arrows. Two cases are shown in which the directions of Burger viector
and a unit vector of the dislocation li; are(a) identical andb) opposite

to each other. The dislocations before and after being forced to move are
described by solid and broken lines, respectively. Note the direction of the
positive 7,y .

growth. (b) Cross-sectional high-resolution image of the end-on dislocations

in the same sampldc) Plan-view image withg=2110 of the overgrown
(O) and the window(W) regions in the same sample denotes its Burgers
vector direction.

at nearly regular separations along {l¥®01] direction, as
indicated by arrowheads in Fig(&. Individual structures
observed through thgl120] projection of the end-on dislo-
cations were directly determined from their high-resolution
TEM images, as in the example shown in Figb)2 As a
result, we found that every end-
the sample had its extra-half plane pointing towards the fil
surface, as denoted hy in Fig. 2b). Such structures and
their regular arrangement are quite similar to those of the D
defect shown in Fig. 1.

Figure 2c) shows a plan-view TEM image of the same
sample. Here we notice two types of distinguishable disloc
tion morphology as well as type-B dislocations that propa
gate approximately normal to the mask stripe. First, we ob
served a bundle of dislocations, denoted by BD along th
mask stripe in the overgrown region, corresponding to th
end-on dislocations seen in Fig(a2 Second, dislocations
propagated from the window regions to the bundle can b

a

e

samples at the growth stage before starting overgrowth, and
type-A dislocations had only a tendency to propagate along
its Burgers vector to the growth front. Furthermore, in gen-
eral, dislocation lines tend to follow the direction of mini-
mum energy per unit growth length!! Hence, there must

be an external force for promoting type-A dislocations to
propagate along the mask stripe direction during the lateral
overgrowth. Using the Peach—Koehler's equatiome de-

rive the force exerted in the unit length on type-A disloca-

tions lying on thec plane of the ELO—GaN film on the mask.

igure 3 shows a film with the axis parallel to the mask

ftripe direction and thg axis parallel to thec axis of GaN

immersed in the stress field: Type-A dislocations lie in the
x-z plane withb anddg (a unit vector of a line element of
the dislocatiohat an angle? and ¢ with respect to the axis,

respectively. The fact that the scale of the crystal in the mask

stripe direction is much larger than those in the other or-

thogonal directions allows us to postulate a plane-strain state

Sor the stress field described by symmetric three-dimensional
Sensort® In terms of unit vectors, j, andk for thex, y, and

z axes, respectively, the fordg is then given by

seen, for example, indicated by arrow A. We analyzed thé,=(bcosé sin¢,,)i+ (bsing cos¢o,,—bcoss sinpoy,)]

systematic contrast variation of the dislocations and found

that they were type-A dislocations with Burgers vectotof

+ (—bcosf cos¢ 7y, )k,

@

=(1120) type. These results unambiguously show thatwherer,, is shear stress acting perpendicularly to #taxis

type-A dislocation segments parallel to tbg@lane of GaN,

ando,,(0,, is normal stress acting along tkexis (z axis).

which come from the window regions, propagated along thélhe first and third terms of Eq1), respectively, describe the
mask stripe direction and formed into a bundle in the overforces exerted along the andz-axis directions {, andf,)

grown region.

and, thus, the resultant force fjf andf, causes dislocation

It is now clear from the earlier results that self-organizedmovement on the-z plane. We emphasize in this expres-
propagation of type-A dislocations resulted in the bundlesion that the glide motion of type-A dislocations on the

consisting of dislocations with an identical sign of Burgers
vector. Since their Burgers vector on the prismatic plane o
the hexagonal crystal simultaneously lies on the baptdne
and, as reported previousiytheir lateral segments initially
propagate parallel to their Burgers vector, it is plausible tha
the lateral screw segments readily cross-slip ontatblane.

plane is principally determined by the shear strggsacting
perpendicularly to the mask stripe direction.

From our earlier result that type-A dislocation with
=1/3(1120) has a screw character on theplane® we as-
sume an initial morphologybefore the force actsin the
ELO film where the dislocation, with anddé both making

However, we observed no such dislocation bundling in thean angle of 30° with respect to theaxis, emerges at the
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growth front. Figures @ and 3b) are a plan-view and a types of samples. Although Ref. 8 showed such morphology,
cross-sectional view along the mask stripe that illustfate the amount of dislocations was low compared with that in
andf, underpositive 7, condition when the Burgers vector the other types of samples.
is opposite. As shown in Fig.(8), the dislocation with its As a result of our findings, we can obtain the following
extra-half plane pointing towards the film surfagereafter scenario for the defect formation accompanying thexis
we define as a positive dislocatiois forced to move along tilting in the overgrown region during ELO. The film con-
the positivex and negativez directions so thatp increases. taining the lateral segments of type-A dislocations overgrows
This corresponds to the movement from the growth fronton the mask while being stressed. The stress induces a force
toward the inside of the crystal in the cross-sectional viewexerted on type-A dislocations on tleeplane so that self-
On the other hand, as shown in FigbB the dislocation organized propagation along the mask stripe occurs. The re-
pointing towards the film/substrate interfa@negative dis- sultant positive dislocations in the overgrown region are the
location is forced to move in the opposite direction to the origin of the D2 defect. Then, negative dislocations are
above case so that decreases. In the cross-sectional viewformed at the coalesced site partly by the reverse propagation
for this case, the dislocation initially seems to move out ofof positive dislocations such that the bending caused by their
the crystal as¢ decreases from positive to zero and thenarrangement can be accommodated. This corresponds to the
emerges as the positive dislocation and moves toward th®rmation of a tilt boundary in the D1 defect near the center
inside of the crystal ag increases negatively. This model of the mask. Final arrangement for the D2 defect is deter-
well explains essential factors of the self-organized propaganined by an interaction among the positive dislocations in
tion where the positive and the negative type-A dislocationghe stress field of the coalesced film. Typically, in the case of
randomly distributed form into a bundle structure consistingthe(1120) mask, all dislocations have a mixed character. So
only of positive dislocations along the mask stripe. they form an energetically stable arrangement, i.e., piling up
It is obvious that such distribution of positive disloca- straight along the axis, by the interactive forces due to their
tions causes a bending of the overgrown region so that the €dge component as well as by either attractive or repulsive
axis tilts toward the center of the mask. We, therefore, oughforces(depending on the direction of the screw t¢miue to
to deduce the origin of the force that induces the positiveheir screw component. From this point of view, a kind of
T,y It is reasonable to assume that the force acting on thePolygonization” ™ might occur in the overgrown region
GaN crystal comes from the interface between the overduring ELO. Hence, we observe this phenomenon as the D2
grown region and the SiOmask. In our MOVPE samples, defect having a complete form of a tilt boundary in Fig. 1
densification of the Si@mask was apparently observed. But @nd as the partially arranged dislocations in Fig. 2.
no thickness and width variations of the mask depending on  In summary, we have evaluated a novel effect of ELO
the growth period were observed in the HVPE samplesthat rgduces threading qislocation depsity in the fiIm..The
meaning that etching or densification of the mask did nofMask induces self-organized propagation of the preexisting
occur during ELO. Nevertheless, theaxis tilting was dislocations that distributes the dislocations into bundles
clearly observed in both samples. This implies that the vol2long the mask. This bundling effect plays a crucial role in
ume change of the mask is less effective to induce the bend@upPpressing the vertical propagation of the dislocations.
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