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Stress relaxation in mismatched layers due to threading
dislocation inclination
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A recently observed mechanism of elastic stress relaxation in mismatched layers is discussed. The
relaxation is achieved by the inclination of pure edge threading dislocation lines with respect to the
layer surface normal. The relaxation is not assisted by dislocation glide but rather is caused by the
“effective climb” of edge dislocations. The effective dislocation climb may result from the film
growth and it is not necessarily related to bulk diffusion processes. The contribution of the
dislocation inclination to strain relaxation has been formulated and the energy release due to the
dislocation inclination in mismatched stressed layers has been determined. This mechanism explains
recently observed relaxation of compressive stresses 0@l growth of ALGa, _,N layers.
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It is well known that the processes of stress relaxation irwill be found. The critical conditions for dislocation inclina-
lattice mismatched epitaxy play a crucial role for materialstion will be established.
properties and electronic and optoelectronic device perfor- Our modeling efforts were motivated by the experimen-
mance. The most common mode of misfit stress relaxation &gl observations of systematic inclination of TDs in Si-doped
normally related to the formation of misfit dislocations 200-nm-thick A} 4dGa 5N layers which were grown on re-
(MDs) at the layer/substrate interface. For layers that grow ifaxed Ak 6/Ga 3d\ buffer layers or(0001) sapphire, see Ref.
a two-dimensional modéi.e., step flow or layer-by-layer 4 for details. The total compressive mismatch for the upper
growth), the formation of MDs is usually accomplished by layer at the growth temperature was foung~0.003. It was
dislocation motion, i.e., by glide.The dislocation gliding €Stablished that Si doping promoted the relaxation of the
can proceed by bending the pre-existing threading dislocaelas_t'c stresses caused by the_lattlce mlsmatch. The_ degree of
tions (TDs).>? To operate, this mechanism needs to involvestrain relaxation was determined by x-ray diffraction and

the shear stresses in the dislocation glide plane. This is tH&ached 50%-100% depending on the doping level. It was
standard case for epitaxial growth @01) oriented semicon- also found that Si doping enhanced the layer surface rough-

ductor layers with face centered cubic latti¢egy., diamond ?_?;iﬂ)dl,:”n% grc_)vvth. i Tr?nsmlssmn q ?rllectron mlcro?c:_p?]/
cubic or zinc blende structurgsvhere the biaxial stress state struciure nvestigations proved the presence of hig

. . Z O 72 . .
is responsible for shear stresses on the inclitigd) glide density of TDs withprp=10""cm = The majority of the

planes. The corresponding TDs and their Burgers vectors arobserved TDs were edge dislocations with Burgers vectors of

P ; = fRe type(1120). The lines of these dislocations were in-
inclined with respect t§001] growth direction of the layer. : . N
clined with respect to thE0001] growth direction(see sche-
The different case is realized f®001) growth of layers D F0004 g (

. > matics in Fig. ) with inclination anglesx as large as 20°.
with a hexagonal crystal structure, e.g., the group lll-nitride~ <5 section and plane-view TEM studies showed that the

semiconductord For (0001 oriented layers, the TDs usually TDs inclined toward thé1100) directions. The specific in-
have pure edge character wih001] line direction and Bur-  ¢jination direction is perpendicular to the direction of the
gers vector in the basal plane. Th&100} prismatic glide Burgers vector, e.g., for TD with= = {2110] the inclina-
planes of these dislocations are normal to the biaxial stresgyn is in thet[OlTO] direction.
plane and there is no shear stress in the glide planes. Never- \when viewed down the growth directigsee Fig. 1b)],
theless, such edge dislocations may contribute to the misfthe inclined TDs have an average projected lerigthiThe
stress relaxation by inclining their line direction that corre-Burgers vectors of the dislocations are projected on the layer/
sponds to their effective climb. Recently, such TD behaviorsubstrate interface without any distortion. Therefore, in the
was observed in th@001) growth of compressively stressed far field, the projected dislocation segments are equivalent to
AlLGa,_N layers? the sections of misfit dislocations. The MD segments can be
In the present letter we propose a glide-free mechanisrhypothetically combined to form straight line MD arrays
of misfit stress relaxation related to the inclination of the TDswith the distancd between MDs. Assuming that the total
with respect to their original direction. The contribution of treading dislocation densityrp is evenly distributed be-
TD inclination to the relaxed strain will be determined andtween the three familiegas it is for the case 0f0002)
the energy change resulting from the dislocation inclinatiorgrowth of nitrideg, we find that the distance between effec-
tive MDs in each of the(1120) directions will be |

dpresent address: A.F. loffe Physico-Technical Institute, 194021 St. Peters., 3lprol . The plastic relaxaltlon associated with the array

burg, Russia. of effective MDs is given ag;=b/l, whereb is the mag-
YElectronic mail: speck@mrl.ucsh.edu nitude of the dislocation Burgers vector. The total biaxial far
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FIG. 2. Representation of the inclined dislocation as a superposition of
straight dislocatior{1) and angular dislocatiof®2). The dislocation Burgers
vectorb is in theyz plane. There is a compressive biaxial stregs= o,
=0=2G eg(1+v)/(1—v) in the layer.

cal thickness for the introduction of MDs in strained films.
The energy releas&E due to dislocation inclination can be
formulated as

t
e L
- I |
AE=Ejnglined— Estraight_ Win, (©)
where Ejcineq 1S the self-energy of the dislocation in the
inclined configurationEgy,igniS the self-energy of the dislo-
b cation in the initial configuration with the line direction nor-
3 mal to the surfaceyV,, is the work done by the biaxial misfit
i )( stresso (see Fig. 2in the process of dislocation inclination.
// \ To find Ejycineq: W€ use the representation of the inclined
dislocation as the superposition of the straight dislocation
b1 and an angular dislocatio(®) as shown in Fig. 2. In this
/ case Ejnqineq Can be found as

angular
E|nc||ned_ Estra|ght+ Eangular WstralghU (4)

(b) where Eangu|ar|s the self-energy of the angular dislocation

andwg{}g}gﬁ{ls the interaction energy with the initial disloca-

FIG. 1. Inclined pure edge dislocations in a stressed l&geThree families tion. Exact calculatiorsof the energyE | include the
angular

of edge dislocations corresponding to three possible orientations of the Bur
gers vector in thé0001) plane of the layer with a hexagonal crystal struc- Cont”bUt|on of the dislocation core reglon which is propor-

ture. (b) Plan-view showing the average dislocation projected lehgth tional to the change in dislocation length. Numerical esti-

mates show that the interaction contributifijdiif cancels

field plastic relaxation at the top layer surface resulting fromin the first approximation the dislocation core contribution.

the triangular MD gr|dgt0p is given by As a result the energy balance takes the simpler form
tpolp 28p|— sbprpL. (1) AE=Eangula Wint - (5)

The projected lengtit is directly related to the layer The interaction part is calculated as
thicknessh and the inclination angler by L =htana. This

14
also means that the projected length varies linearly with layer ~ Wiy =boSyngua= G 1 bhZ%e,tana, (6)
depth. Therefore, the average plastic relaxation for the layer
of the thickness is whereS,ng,1aiS the area bounded by the angular dislocation,

G is shear modulus, andis Poisson ratio.

The first step in the calculation of the self-energy of the
For pp=3x10"°cm 2, h=200nm, «=17°, and b angular dislocation involves the determination of the elastic
=0.318 nm(corresponding to the observations in Ref, 4 fields of the dislocation in the presence of the free surface.
Eqg. (1) gives the plastic relaxation at the layer surfar;?? Subsequently, integration of the elastic fields yields the elas-
=0.0029 that is comparable with the initial misfit,, tic self-energy term in the Ed5). The results of these cal-
~0.003. culations will be presented elsewhérklere we use the ap-

To understand the conditions for TD inclination in a proximate expression foE,,qua based on the physical
stressed layer, we consider the energy balance similar targuments of varying screening for the dislocation elastic

those used in the “energy approach®for deriving the criti-  field in the process of TD inclination. Actually, for very
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small inclination angles, the angular dislocation is equivalent
to the dipole with the separation of the ordesin a~ha. For

large inclinations ¢— 7/2), the dislocation acquires a par-
allel orientation with respect to the layer surface and the
characteristic screening length becomes the layer thickness
h. Accordingly, the dislocation length changes la€osa

with inclination a. These observations permit to propose the
following dependence foE ingyiar

E _—Gb2 —h | n 1]sina+1
angula™ 2 1Y cosa 9 (o )N

where we assume the value bffor the dislocation core
radius. The developed approximation fits closely to numeri-
cal solutions ofE 4y for a wide range of film thicknesses
and inclination angles.

Finally, we analyze the following dependence for the

. (D

energy release: a
_ Gb® [ h _ o
= —1)si 1.2
AE(h,a) (1=7) | & cosa log[(h—1)sina+1] 2
~ 0.8
—(1+v)h?%etanay, (8) 0.6
whereh= h/b is the normalized film thickness. k
A typical dependence foAE is given in Fig. 3a). It is 02
clear that for sufficiently large thickness or angle AE
becomes negative and gives the favorable parameters for 5 100 150 hp
plastic relaxation via dislocation inclination. By applying the (b)

requirementAE=0, we can map the regions for favorable o o _ o

. . T . . . . FIG. 3. Critical conditions for edge dislocation inclination in stressed layer.
.dlsl'oca'tlon inclination in . CO(_)rdmateS Iayer th'CkneSS'(a) Energy release due to the inclination of the initial straight dislocation.
inclination angle as shown in Fig(l3. The plots define the parameters used for the plot: misfit strain in the laygt0.01, dislocation
energetic conditions for dislocation inclination for the given core radiusR;=b, Poisson ratiov=1/3. The energy chang&E is in the
misfit strain. Fora— /2 . the plots demonstrate the usual units of GI5. (b) Inclination stability diagram in coordinates layer thickness

L . ! . . . h—inclination anglew for the misfit straine,,=0.015(1), 0.010(2), 0.006
critical thickness behavior for MD formation in mismatched (3 4 0o4(4), 0.003(5), and 0.0026), correspondingly.

layers.

The other important feature &fE(h, ) dependence is g5 5165 with inclined dislocations to larger thickness, where

the existence of the energy barrier to dislocation inclinationme layers become fully relaxed or the layer stregmerses
at finite values of the layer thickness The typical heights due to the inclined TDs.

for this barrier are of the order of 5—10 &bwhich lead to In conclusion, a mechanism of elastic stresses relaxation

reasonable values of the order up to 10 eV per dislocation, groying mismatched layers has been considered. The
Such barriers can be overcome when additional factors COMAechanism involves the TD lines inclination and their effec-

into play. We believe that surface roughness helps to dimingye ¢jimp. The energetically favorable conditions for the op-
ish the energy barrier. The Ia_st statemer_n is supported by tl@ation of this mechanism have been determined.
models proposed for dislocation nucleation during the devel-
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