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In the heteroepitaxial growth of films with large misfit with the underlying subst(htear
mismatch strains in excess of 1%-P%e generation of misfit dislocations and threading
dislocations(TDs) is ubiquitous for thicknesses well in excess of the equilibrium critical thickness.
Experimental data suggest that the TD density in relaxed homogeneous buffer layers can be divided
into three regimed(i) an entanglement region near the film/substrate interface corresponding to TD
densities of~10'-10' cm™Z (ii) a falloff in TD density that is inversely proportional to the film
thicknessh, applicable to densities in the rangel0’—10° cm™2; and(iii ) saturation or weak decay

of the TD density with further increase in film thickness. Typical saturation densities are on the
order of ~10°P—10" cm™2. In this article, we show that the TD reduction may be described in terms
of effective lateral motion of TDs with increasing film thickness. An analytic model is developed
that successfully predicts both thehlécaling behavior and the saturation of TD densities.
Long-range fluctuations in the net Burgers vector content of the local TDs is a cause for saturation
behavior. These models are supported by computer simulationsl998 American Institute of
Physics[S0021-897806)04919-5

I. INTRODUCTION tanglement region corresponds to the highest dislocation
densities near the film/substrate interface where physical

During the past 20 to 30 years, there has been a substamodels for annihilation are difficult to apply or study experi-
tial effort to epitaxially grow a broad range of materials com-mentally. The 14 region has a geometric basis in that dislo-
binations. In semiconductor heteroepitaxy, the choice of &ation annihilation requires different minimum energy
substrate is dictated by its availability in single crystals, itsgrowth trajectories for the TDs with the same Burgers vector
suitability for the applicatiorte.g., with regard to processing, thus giving rise to effective relative lateral motion of the TDs
band gap, and chemical compatibijiyand its cost. While with increasing film thickness. The saturation behavior is
the substrate constraints offer some flexibility, the choice ofattributed to local fluctuations in TD densities—possibly as a
material for the film is generally dictated by the applicationresult of early MD generation processes. The simple scaling
itself and hence determines the crystal structure and latticews for TD reduction that we develop are consistent with
parameter of the film. In many cases the active device layeseveral experimental reports.
may have a substantial lattice misfit with the substrate which
means that there is a possibility of formation of misfit dislo-|; gackGROUND
cations(MDs) at the film/substrate interface. Threading dis-
locations(TDs) accompany the formation of MDs and often  Although there remain many open questions on disloca-
find their way into the active region of electronic and opto-tion generation in epitaxial growth, we will only consider the
electronic devices. Generally, TDs degrade the physicgpehavior of TDs that are formed as a consequence of the film
properties of devices. Thus it is of great importance to estabdrowth and MD generation. Regardless of the growth mode
lish effective means for the elimination or reduction of TD for mismatched filmgi.e., Frank—van der Merwgayer-by-
densities. layer), Stranski—Krastanowinitial wetting followed by is-

In this article, we will develop geometrically motivated landing, or Volmer—Weber(incoherent islandinggrowth)
scaling laws for TD density reduction in homogeneousincreasing film thickness will ultimately lead to MD genera-
buffer layers. This framework has its foundation in the as-ion and concomitant TDs. The mismatched film will grow
sumption that TD densities are primarily reduced by reacStrained but dislocation-free until it reaches a kinetic critical
tions between pairs of TDs that either lead to annihilation othicknessh, in excess of the equilibrium critical thickness
result in one TD(fusion reactions The model assumes three h., whence dislocations nucleate to relieve the strain. The

regimes: entanglement; HLcaling; and saturation. The en- concepts of equilibrium critical strained layer thicknesses

were first introduced by Frank and van der Merwe and then

Y — developed by Matthews and Blakeslee in a dislocation
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plied by the edge component of the MD Burgers vector par-
allel to the interfacéyq is €qual to the misfit straiiey,:

PMD,reIaxe(pedgeu ~€m- (1)

For films of finite thickness that are grown on semi-infinite
substrates, the equilibrium linear MD densjiyp ¢quii May
be readily shown to scale in the following manfer:

h
PMD,equiI:PMD,reIaxec( 1- Fc) . (2)

In the heteroepitaxial growth of semiconductors with large . . . , .

. . L. . FIG. 1. Cross-section transmission electron micrographs showing typical
lattice mismatches, e.gen>~2%, the critical thicknesses  threading dislocation structures and rapid falloff with increasing layer thick-
are on the order of 25 A and dislocation generation is ubigness in each layer for Gd,Zn,Te (top laye)/ZnTe (/GaAs/Si00D). This
uitous for layer thicknesses much in exces$ipfi.e., MDs  strong two-beam dark bright-field images was recorded n¢ad@ zone
an associated TDs are generated wherh,). For the mod- 2% With g=004.
eling of TD reduction, we assume cases in whichh,>h,
and thus further strain relaxation within a homogeneous
layer by the long-range glide of the threading segments wilfall on the same curve, independent of specific epilayer/
be neglected. substrate combination, as shown in Figa)2 In a similar

For layer-by-layer growth, the prevailing assumption isstudy, Tachikawa and Yamaguchi also observéd (here
that dislocation half-loops nucleate at steps or impurities orh is the film thicknesgbehavior for the TD density in thick
the growing free surfack;® and the loops expand to form films of GaAs-on-Sf. However, at lower dislocation densi-
two threading segments, largely of screw character, with anties, a weaker decay was observed, as shown in Fh. 2
tiparallel Burgers vectors, and a misfit segment at the filmfFurther, in the study of strained layer superlattices, TD den-
substrate interface. Thus, the initial TD density is twice thesities have commonly been observed to saturate for larger
nuclei density. For TD segments in epitaxial layers, we adopfilm thicknes~*° We do not intend to review the wealth of
the convention that the dislocation line direction is in theexperimental data on threading dislocations and approaches
same sense as the film/substrate surface normal. This coto their reduction in lattice mismatched epitaxy. Rather, the
vention is used because in large mismatch heteroepitaxy it igoal of this paper is to develop a physically-based model to
practically impossible to identify matching pairs of threading explain the 1t behavior for TD density and to discuss pos-
dislocations from the same nucleation event, that is, isolategible origins for the saturation or exponential decay behavior
loops are rarely, if ever, discernible. We note here that foffor large film thicknesses.
h>h., the MDs are equilibrium interfacial defects with an
equilibrium population given approximately by E@). On
the contrary, the TDs in all cases raise the free energy of the
film—the equilibrium density of these defects is zero.

In typical large mismatch semiconductor heteroepitaxyy;; coNCEPT OF DISLOCATION REDUCTION
the TD density is very high near the film/substrate interface
and decreases with increasing film thickness. An example of The geometrical requirement that dislocation lines may
epitaxial GaAs on $001) is shown in the lower region of end only at free surfaces, high-angle grain boundaries, or
Fig. 1. The TD density is-10'° cm™2 near the film/substrate other dislocations is a restriction that must be obeyed in all
interface and begins to fall throughout the GaAs buffer. Formodels for dislocation reduction. For example, we can im-
the CdznTe layer on ZnTe in Fig. 1, again, the TD density ismediately exclude the physically incorrect possibility that
almost immeasurably high near the CdZnTe/ZnTe interfaceTDs may end abruptly in a film without joining with another
then it begins to fall with increasing film thickness. In fact, it defect. Further, we treat the problem of threading reduction
is frequently difficult to distinguish micrographs from differ- assuming a semi-infinite substrate, and thus we intentionally
ent lattice mismatched materials provided that the materialaeglect the possibility of TDs leaving the edges of the thin
have the same growth orientation and slip systems. Thus, thfim. Thus we work in the limit that TD densities are reduced
motivates a geometrically-based model for TD reduction. by either annihilation of threading segments with antiparallel

In recent years there have been several efforts to quaBurgers vectors or by reactions in which two TDs combine
tify the thickness dependence of the TD density for latticeto form one TD(referred to hereon as fusion reactipriSor
mismatched growth. Sheldaat al. reported on the thickness example, annihilation would result from the reaction of two
dependence of the TD density for the systems InAs/GaAsTDs with Burgers vector&/2[101] anda/2[101]. An ex-
GaAs/Ge/Si, GaAs/InP, and InAs/Ifthese systems repre- ample of fusion would be the energetically favorable reac-
sented a range of lattice and thermal expansion mismatché®n between two TDs with Burgers vectoas2[101] and
between the film and the substrate. It was found that the T2/2[011] leading to a single new threading segment with
density was proportional to the inverse of the film thicknessBurgers vector&/2[110].
for TD densities on the order of10°—~10° cm™2 Further, We work with the further assumption that the TDs main-
the thickness dependence of the densities were found to akin glissile orientations, i.e., after nucleation TDs stay on
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8 ments from different dislocation sources on the same slip plane can annihi-
K] 6 late. (c) Threading segments from different dislocation sources on the par-
a 10 allel slip systems can annihilate. This may be accomplished by conservative
dislocation motion, namely glide and cross slip. Alternatively, annihilation
may be achieved entirely by glide and climb of the threading segmhts.
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systems can annihilate by glide or by climb or a combination of both glide
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FIG. 2. Experimental data, reported in the literature, showing the scaling of on intersecting slip systems can annihilate or fuse by

the threading dislocation density with increasing film thicknéasResults glide or climb or a combination of glide and climb.
of a study showing the universalhl/idecay of the TD density for high I .
dislocation densities for a range of systeaéter Sheldoret al. (see Ref. The process of annihilation may now be considered se-

6)]. (b) Results of a study showing both thérIdecay of the TD density for  quentially. In Fig. 3a), a pair of TDs and the associated MD
high dislocation densities and either saturation or exponential decay behayre shown. The antiparallel threading segments and the MD
ior of the TD density of thick filmdafter Tachikawa and Yamaguctsee form one continuous dislocation line. In principle, if the mis-
Ref. 7]. ) o - : e
fit strain in the film change&or example, through differen-
tial thermal expansion or by diffusignthen the threading

. . I . . segments may close back on one another to form a closed
their natural slip plane. The annihilation or fusion reactions : .
loop (also showh However, in the absence of any strain

may happen in the following wayshown schematically in reversal, loop self-closure leads to no far field strain relief.

Fig. 39 Thus, this process of threading annihilation is considered un-

(@ Loops can self-annihilate by glide. viable. In Fig. 3b), the geometry is shown for threading

(b) Threading segments from different dislocation sourcesegments generated from separate sources on the same spe-
on the same slip plane can either annihilate or fuse byific slip plane. In this case, the two threading segments have
glide. an opposite sense and will annihilate upon contact. It is this

(c) Threading segments from different dislocation sourcegprocess of annihilation or fusion of TDs nucleated from
on the parallel slip systems can either annihilate orseparate sources that ultimately leads to dislocation reduc-
fuse. This may be accomplished by conservative dislotion. However, the likelihood of having independent nucle-
cation motion, namely, glide and cross slip. Alterna- ation events on precisely the same slip plane is considered to
tively, TD reduction reactions may be achieved entirelybe vanishingly small, and thus this mechanism is unlikely
by glide and climb of the threading segments. despite its obvious illustrative appeal.

(d) Threading segments from different dislocation sources  Annihilation or fusion of threading segments generated
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FIG. 4. Effective motion of TDs in thé001) epitaxy of cubic semiconduc- 1'?20

tors. The intersection point of the TDs with the free surface changes with
increasing film thickness. TD1 has a Burgers ve@#{101] and lies on ~
the (111) plane with a [12] line direction, TD2 has a Burgers vector
a/2[101] and lies on thé111) plane with 4 112] line direction.(a) Position ~ FI!G. 5. Orientational dependence for the total energy of a threading dislo-
of TD1 and TD2 at film thicknesh, and (b) position of TD1 and TD2 at ~ Cation with Burgers vectoa/2[101] in a film of thicknessh. The film
film thicknessh, . The vectorsn, andm, are unit vectors in the plane of the normal is[001] and(111) is the specific slip plane. Isotropic elasticity was
film surface and represent the direction of motion of the TDs on the filmused for these calculations with-0.3. The inset perspective drawing shows
surface with increasing film thickness. the orientation of a TD withb=a/2[101] on a(111) plane in an(001)
epitaxial film.

- . ub? V3h
from separate sources, but within some close proximity, ap- E(h,¢)=~— ————
pears to be most probable physical process for dislocation 47 \2 cogml6— ¢)
reduction. There are two simple possibilities for this case: Si? ¢ aR
the threading segments lie on parallel slip planes, as shown X | cog ¢+ ﬁ)ln<T , ©)

in Fig. 3(c), or they lie on intersecting slip planes as shown
in Fig. 3(d). Threading segments on parallel slip planes carwhere ¢ is the angle between the threading segment and the
annihilate or fuse by conservative motion in which one of the[101] direction, u is the shear modulus, arid is a length
threading segments assumes a pure screw orientation, crasst is determined by the mean spacing between TDs but also
slips onto the slip plane of the other threading segment, andieakly depends oh and ¢. SinceR is in the argument of
then glides to the other threading segment. Alternatively, thehe logarithm, we neglect arfy dependence oR(h, ¢). We
threading segments can move to a minimum separation distote that the minimum TD line length corresponds to a
tance by glide and then climb together. For the case of112] line direction. A plot of this energy fon=0.3 is
threading segments on intersecting slip planes, annihilatioshown in Fig. 5. It can be seen that the minimum energy
or fusion can be achieved by glide alone. We argue beloverientation is~15° away from the screw orientation in the
that this is the most likely and efficient mechanism for anni-direction that reduces its line length.
hilation, but first some specific geometrical considerations Now we consider the geometry of the full set of possible
are necessary. glissile threading dislocations for tH801) epitaxy of cubic
The a/2(110{111} slip system is the most important semiconductors. Again, the slip system in the film will be
and common for dislocations in either diamond or zinc-given asa/2(110){111}. Thus, there are four uniqug 11l
blende semiconductors. If the TDs are glissile, therf @] planes and six uniquél10 directions. Considering that the
growth they will lie on one of fou{111} slip planes. With  dislocation Burgers vectors can assume either positive or
evolving film growth, the TDs are inclined and their inter- negative sense, there are 12 possible Burgers vectors. Fi-
section point with the free surface moves with increasingnally, a glissile dislocation with an/2(110) Burgers vector
film thickness, as shown schematically in Fig. 4. Thus, with-can have its line in one of two possillEl1} planes and thus
out glide, there is effective lateral motion of the TDs with there are a total of 24 specific dislocation Burgers vector/slip
increasing film thickness. plane combinations. In Fig. 6 the geometry of the TDs is
The minimum energy configuration of a straight TD is a shown both in perspective and in projection al$6@1]. The
balance between maximizing its screw nature while concurposition of the intersection of specific TDs with the free sur-
rently minimizing the total line length. For a film of thick- face of the film is denoted with a symbol shown in the figure.
nessh, consider the minimum energy orientation of a thread-Additionally, a reaction table between all of the possible
ing segment witth=a/2[101] lying on a(111) glide plane. Burgers vectors for the TDs is given in Table I. Details of
The line length of a pure screw segment in this case is givethis table will be discussed shortly.
asv2-h. Using the pure screw orientation as the reference  The inclined orientation of the TDs leads to a geometri-
orientation, the energy of an arbitrarily oriented threadingcally governed situation in which the threading segments that
segment may be calculated in the line tension approximalie on intersecting slip planes will have a minimum separa-
tion'! and is given as tion distance with increasing film thickness. Consider again
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r n~500-5000 A. The inclined orientation of the threading
segments leads to effective lateral motion of the TDs, in this
case with increasing film thickness. Virtually all successful
approaches to reducing TD density rely on enhancing the
effective lateral motion of TDs such that the TDs will fall
within an annihilation or fusion radius of one another. This is
the essential concept of TD reduction.

To find the value of the, or rp we must solve the
complicated problem of the interaction of two angular TD-
MDs near a free surface. Factors such as temperature, Peierls
barrier, internal and externally imposed stresses, presence of
point defects must all be considered. For the current investi-
gation, we will treatr , andr g as constant parameters. Film
thickness and dislocation densities are then normalized to
6. 6. Si T fon/2( 1101 e o001 eoitanial il andr, 2, respectively. Before a reaction commences, a TD
T o e e b s, has o degrees of freedofis motion is determined by the

octahedron represent the active slip systems for surface nucleation of MDliNIMUM ”'j‘e energy Ori_entatiOnAfter the reac_ti(_)n begins,
and TDs. TDs may either cross slip or climb, thus providing the TDs

with additional degrees of freedom.

[100]

the specific example shown in Fig. 4. TD1 lies on the {11
plane and has a Burgers vec@i2[101], TD2 lies on the
(111) plane and has Burgers vec@af2[101]. At film thick-
nessh,, TD1 and TD2 are separated by a distangeat film Before the scaling laws are developed, it is instructive to
heighth, the TDs are separated by a distamgelf the TDs  consider possible reactions between undissociated glissile
come within a distance such that the interaction force is sufthreading dislocations. Since the energy per unit length of a
ficient to initiate thermally assisted glide, then the disloca-dislocation is proportional th?, we will use this as an initial
tions will begin to move together and subsequently annihicriteria in the reactions. In Table I, reactions between the 12
late or fuse. The minimum distance necessary to initiatgpossible TD Burgers vectors are shown for the slip system
glide depends on the kind of possible reaction between dea/2(101)(111) applicable to th€001) growth of a cubic
fects and is referred to as the annihilation radiwsor the  semiconductor. The first eight Burgers vect@rseither the
fusion radiusrg . The concept of an annihilation radius has columns or rowsmay result from surface nucleation of half-
been developed earlier by Kusov and Vladimifoand by  loops. The final four Burgers vectors combinations in Table |
Martisov and Romandv and used by the latter researchershave Burgers vectors that are parallel to the film/substrate
in TD reduction problems. interface and result from fusion reactions between TDs with
A simple estimation of the annihilation radius can beinclined Burgers vectors. The entries in Table | with0a
obtained by comparing the elastic force acting between twaorrespond to annihilation; entries denoted withXagorre-
dislocations with the friction force caused by the Peierlsspond to unfavorable reactions and also repulsive interac-
stresso, . Balancing these forces giveg~ ub/2wo,. For  tions; entries with a specific resultant Burgers vector corre-
usual values ofo,~10" 5.10% u, rp,=10°-10° b, or spond to fusion reactions; finally, entries designated

IV. POSSIBLE REACTIONS BETWEEN THREADING
DISLOCATIONS IN CUBIC SEMICONDUCTORS

TABLE I. Possible reactions between threading dislocations in the epitaxy of cubic semiconductors. The TR£¢(EVH type Burgers vectors. Table
entries for complete annihilation reactions are indicateddbthe resulting dislocation Burgers vector is shown for half-annihilation reactions, repulsive
interactions are shown with ax, energetically unfavorable reactions are showrNbyTDs 1 through 8 correspond to those generated by surface half-loop
nucleation. TDs 9 through 12 correspond to those generated either by island growth or fusion reactions.

1 2 3 4 5 6 7 8 9 10 11 12
b\b,  a/2[101] a/2[101] a/2[101] a/2[101] a/2[011] a/2[011] a/2[011] a/2[011] a/2[110] a/2[110] a/2[110] a/2[110]
1 al2[101] X 0 N N X a/2[110] X al2[110] X __ a/2[011] X a/2[011]
2 al2[101] 0 X N N a/2[110] X a/2[110] X a/2[01]] X a/2[011] X
3 al2[101] N N X 0 X aIZ[ﬁO] X al2[110] a/2[011] X a/2[011] X
4  a/2[101] N N 0 X a/2[110] X a/2[110] X X a/2[011] X a/2[011]
5 a/2[011] X__ al2[110] X al2[110] X 0 N N X __ al2[101] a/2[101] X
6 a/2[011] a/2[110] X a/2[110] X 0 X N N a/2[101] X X a/2[101]
7 a/2[011] X a/2[110] X a/2[110] N N X 0 a/2[101] X X a/2[101]
8 a/2[011] a/2[110] X__ al?[110] X N N 0 X X a/2[101] a/2[101] X
9 a/2[110] X__ al2[011] a/2[011] X X al2[101] a/2[101] X X 0 N N
10 a/2[110Q] a/2[011] X X a/011] a/2[101] X X a/2[10ﬂ 0 X N N
11 a/2[110] X a/2[011] a/2[011] X al2[101] X X a/2[101]] N N X 0
12 a/2[110] a/2[011] X X a/2[011] X a/2[101] a/2[101] X N N 0 X
3812 J. Appl. Phys., Vol. 80, No. 7, 1 October 1996 Speck et al.
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correspond to possible reactions between two TDs with per- The governing differential equation for TD reduction
pendicular Burgers vectors, the criteria is not applicable may be derived, for simplicity, by considering only annihi-
for these reactions; rather, the possible reactions may be golation reactions. In projection, each TD will sweep out an
erned by a balance between core energy and line length mininteraction areaS=2r 4 tangAh with change in thickness
mization. A complete treatment of the problem also includesAh, wherey is the angle between the TD line direction and
the specific slip planes for the TDs and this leads to a total ofhe surface normal. Each TD will encountl=pS other
24 specific TD/slip plane combinations. Such a treatmenTDs and thusAp=—Np=—p?S= —2r , tany p?Ah. Tak-
will be presented in a separate paper. ing the limit thatAh becomes vanishingly small leads to the
Table | is a useful tool for discussing the physical pro-differential equation:
cesses of TD reduction. The upper lefk8 entries corre-
spond to reactions between primarily generated TDs, i.e., the dp=—2r tan yp°dh. )
sets of reactions between TDs initially generated from surA further geometrical consideration leads to a final modifi-
face nucleation. From the entries, it is easy to see that of theation to the coefficient in Eq4). The TDs that will interact
eight reactions one leads to annihilation, two to fusion, andnust have net relative motion, which can be characterized by
five are unfavorable and may lead to changes in the sli factorM =|tan ;m; —tan;m;|, wherem is a unit vector
plane of the TDs by cross slip. The two fusion reactions, e.g.that gives the lateral motion of TDis and j on the film
a/2[101]+a/2[011] —a/2[110], between primary TDs lead surface with changing film thickness, see Fig. 4. With this
to TDs with Burgers vectors parallel to the film/substratemodification, we can write the overall equation for TD re-
interface. These secondary TDs can react with the primargduction as
TDs, in this case leading to either repulsion for one half of _ 2
the reactions or further fusion reactions for the other half of ~ 9P~ ~ Kpih’ L ®)
the reactions; these entries are given in thet&ntries in the  whereK=2r,M andM represents the average value of the
upper right hand corner of the table and the8ientries in  net relative of motion of all possible pairs of TDs with
the lower left hand corner of the table. Finally, reactionschanging film thickness. Equatids) may be integrated as
between the secondary TDs, given in the lowarddentries  follows:
in the table, can lead to either annihilatione fourth of the
. . . p 1 h
entrieg, one fourth lead to repulsion, and since the secondary S dp=—K | dh, (6)
TDs may have perpendicular Burgers vectors, one half of the po P hg
possible reactions correspond to no reaction.

wherep, is the threading dislocation density ka3 andhg is
the starting thickness and usually can be taken as the thick-
ness for which the average spacing between threading dislo-
cations is larger than the annihilation radiys This directly
The entanglement region corresponds to the film neare$éads to
to the substrate where the TD density is often on the order of
10'°-10"2 cm™2 (e.g., see Fig. )1 At such high densities, p= 1
individual TDs are difficult to resolve, even by weak beam K(h—=hg)+1/po’
TEM imaging_tgchl_wigues. When iqdividuql TDs are r_eSON'With the definition:ﬁslleo—ho, Eq. (7) simplifies to
able by TEM, it is difficult to determine their geometry in the
foil and their reactions with other TDs. In close analogy to 1K
highly cold worked metals, where dislocation forests can P~ i h"
form, we call this the entanglement region. With increasing N ) . ) o
film thickness, the dislocation density falls off quickly, in a When h>h, the threading dislocation density is inversely
manner that has yet to be determined and the mean TD spa@toportional to the film thickness, i.e.,
ing becomes larger than either the annihilation or fusion ra- 1
dius. We believe that modeling the TD reduction in this re-  p= .
) . - Kh
gion represents the area with the least possibility of
successfully describing the physical behavior. This simple approach thus predicts thé $taling behavior.
We begin by assuming that the threading dislocationdf_we set K equal to twice the annihilation radiusr2
have minimum energy orientations that allow annihilation or(M=1), we may readily solve foh. For instance, if the
fusion reactions with changing film thickness. With increas-initial threading dislocation density is 1cm2, hy=0 (for
ing film thickness, the separation distance between the TDsimplicity) and the annihilation radius is 500 A, tharhas a
will change, and at some film thickness, a minimum separavalue of 1000 A. If we assumie>h, Eq. (9) would be valid
tion distance will be achieved between TDs with differentfor thicknesses on the order of Am and larger, this is in
Burgers vectors. If the approach distance between two TDslose agreement with the initial thicknesses for which TD
with different Burgers reaches a value in which the TDsdensities are commonly reported. We note that the Sheldon
begin to glide together because of the attractive force fieldet al. data shown in Fig. @) correspond to am, value of
the TD will come together and annihilate or fuse, this sepa~500 A and the Tachikawa and Yamaguchi data shown in
ration distance is given as the annihilation radiysor the  Fig. 2(b) correspond to am, value of ~1000 A. Note that
fusion radiusr ¢ . these values of the annihilation radius are in reasonable

V. DEVELOPMENT OF SCALING LAWS FOR
THREADING DISLOCATION REDUCTION

)

®

©)
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FIG. 7. Dependence of threading dislocation density on film thickness, numerical sol(dimstsed linesand results of computer simulation féa,b)
balanced initial TD density and fdc,d) unbalanced initial TD densitya) and(c): Thickness dependence of TD density for each type of(rl'rDzar scalg
The densities are given in units of2. (b) and (d): Total TD density, log-log scale. The normalized total density is shown ﬂ-i(éh)/EJ 1wj(hy). The
thickness in all of these plots is normahzedtt;y Initial dislocation densities(a),(b): p;=p,=...=pg=0.05k2; pg=p15=p11=p1>=0. (),(d): p;=0.06/3,
> pr=p3=ps=ps=pe=p7=ps=0.05k%, po=p10=p11=p1,=0. For the numerical solutions, the parameters were set such tkat- andM=1. For the
balanced casé) note that the slope is 1 for thicknesses larger than10r , . For the unbalanced caé#), note that the slope is approximatehd for roughly
one decade of thickness and then decreasel*¥d00 , and the density then saturates for increading

agreement with the simple estimation based on the force bawhere 2 ,M has replaced;, and 2M has replaced all

ance between attractive force for two TDs and the frictioncoefficients for fusion reactions is the fusion radius, and

force due to the Peierls stresg (see above the coefficientM accounts for geometrical factors of relative
Table | can be used to write a system of 12 coupleddislocation motion. EquatiofiLl) is representative of one of

first-order, nonlinear, ordinary differential equations for thethe 12 equations in the system.

TD densities. .If we considgr the reactions that directly im- Numerical solutions for the system of coupled differen-

pact the density of TDs with Burgers vec®f2[101] (des- 5| gquations for TD density can readily be obtained using

ignated 1 throughout Table | or simply as “1” heérahen  qan4ard mathematical software. This capability facilitates an

i+ia_))07_ (andn'h}'Laltgr);s #;2—&1 (fgsmn); I 1+d8_>9; understanding of many of the general features of TD reduc-
+ an — ese reactions all reduqe tion. To illustrate solutions, first consider the case in which

However, 1 may be generated by the following reactions:;
the initial TD density corresponds to equal populations of
5+11—-1 and A 9—1. Thus the first differential equation in TDs with inclined Burgers vectors, i.e., TDs 1 through 8 in

thi t f12 ti b itt L . .
IS System © equations may be written as Table I, and zero initial population of TDs with Burgers

dpl vectors parallel to the film/substrate interface, i@(h)
an =~ Kipwpr = Kagr1pe = Kignips = Kiaw1pio through p,,(hy) =0. The thickness dependence of the indi-
vidual TD densities is shown in a linear plot in Fig@y
—Ky101p121 Ks 11p5p11+ K7 907p0, (100 (dashed lines Note thatp, through pg all decrease mono-

tonically with increasing film thickness. Howeveg, through

1o initially increase very rapidly, then also begin to fall with
ncreasingh. The initial increase ipg throughp,, is due to
fusion reactions amongst TDs 1 through 8. The reduction in
the total TD densityp, with increasingh can be seen in the
log-log plot in Fig. Tb). The slope of logp—logh ap-

where theK,, , coefficients correspond to the specific reac-
tion cross sections. This equation can be simplified substa
tially by assuming that there are only two relevant cross sec
tions: those for annihilation and those for fusion, thus eqn
10 can be rewritten as

dp _ _ proaches-1 for largeh. Thus, even when a more complete
an = 21aMpap2—2reMpa(pet pst p1ot p12) crystallographic treatment is taken into account, the total TD
o density follows the same behavior fi}/as predicted with
+2reM(psp11t p7P9), (11)  the simplified modeJEq. (9)]. Note that no saturation behav-
3814 J. Appl. Phys., Vol. 80, No. 7, 1 October 1996 Speck et al.
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ior is observed for this case; rather continues to decrease it was reintroduced randomly on the opposite edge of the
with increasing film thickness. domain from where it departed. In this manner there was no

It is also instructive to consider cases in which the initial dislocation reduction through boundary disappearance. The
TD densities are unbalanced such that the film has a neandom re-introduction also avoids artificial steady-state dis-
Burgers vector content. Solutions to the system of coupledribution profiles.
differential equations are shown in Figgcyand 7d) for a The simulations show remarkably close agreement with
case for which the initial TD densities &t are given as the results from the differential equations. In Fig&a)7and
P1>Pr=pP3=ps=ps=pe=p7=ps=p; and py=p;p=p1;  7(c) we show on linear axes the thickness dependence of the
=p;,=0. In this case, the film has a net TD density of density of the 12 different populations from the simulations
Ap=p,;—p;. From Fig. 7c) (dashed lines the densities of (solid lineg. The monotonically decreasing densities with
dislocations 1 through 8 all begin to fall with increasihg  increasingh correspond to the TDs generated from surface
due to both annihilation and fusion reactions. The densitieucleation(inclined Burgers vectoysThe TDs with initially
of dislocations 9 through 12 initially increases with increas-increasing densities correspond to the TDs with Burgers vec-
ing h due to the fusion reactions, then the densities of thestors parallel to the film/substrate interface. For this compari-
dislocations also begins to fall. For larger valueshofp,  son, the numerical solutions for the coupled differential
through p,, monotonically decrease and asymptotically ap-€quations were obtained fog=r andM = 1. Note that the
proach 0. Howeverp, asymptotically approaches a satura- simulation results also lead tohlécaling behavior and satu-
tion value of Ap. The saturation behavior is most readily ration behavior.
observed in Fig. @) (dashed ling which shows on logarith- We have demonstrated that net Burgers vector content in
mic axes the dependence of the on h. p; saturates to a the TD density leads to saturation behavior. For a large area
value of Ap because of the initial imbalance in TD density. film, the net Burgers vector content in the total TD popula-
From these results, it becomes obvious that in all cases i#on should be nearly zero. However, for the geometrically
which the initial TD configuration has a net Burgers vectorénhanced TD reduction, the relevant area for TD annihila-
content, there will be saturation in the TD density regardles&ions and fusion reactions ish? tarf y~h?. This is also the
of the final film thickness. The origins of the net Burgers relevant area to consider TD density fluctuations. The total
vector content in the film and the applicability of this con- TD densityp(r) may be written as a sum of the individual
cept will be developed shortly. First, however, we will show densities, i.e.,
initial results of simulations of TD reduction.

Computer simulations provide a means to apply a simple  p(r)= E pi(f)=p+ Z Api(r), (12
set of physically motivated rules, in this case for interactions ! !

between TDs, and then consider the behavior of large eq/'vherepi(r) is the spatially dependent density of it type

sembles of entities. The simulations were performed for they 1 1 is the average TD densitiaveraged over the area
same slip geometry as described previously, nam@®§D) ot the film), andAp,(r) is the spatial fluctuation of the den-

growth of a cubic semiconductor wita/2(100{11%} slip iy of theith type of TD. Since the sampling area for TD
systems. In the simulation domain which was embedded ifgactions is~h?, the fluctuations in any particular density
material with random boundary conditioisee below the — gp519 only be considered for sampling areas greatertifan
initial dislocation densityp, was prescribed and normalized 1he saturation behavior may result from local net TD Bur-
to r,§2. Since the growth trajectories of the dislocations isgers vector content. Thus the saturation dengiyr) will
relevant for the simulations, each possible Burgers vecto\r,ary locally and can be approximated by a local total Bur-

can lie on one of twd111} planes. Thus, there are 24 pos- gars vector summation normalized by the magnitude of the
sible specific Burgers vector/slip plane combinations. To faBurgers vector. i.e.

cilitate the simulations, the line direction of the TDs was

given as eithef112], [112], [112], [112] depending on 1
whether the TD was on thél1l), (111), (111), (111) ps(N~1
plane, respectively. The initial dislocation type and position

were randomly generated such that the typehrough 24  whereb; is the Burgers vector of thigh type of TD,b is the

and coordinate were independently generated. All pairs ofmagnitude ob;, andN is the number of unique TD families.
TDs that fell withinr 5 of each other were considered in the Note that this equation should properly describe fluctuations
context of possible reactions and those with favorable readn the net TD Burgers vector content. Again, the sampling
tions were either removetannihilation or combined into  area forp(r) should be on the order ¢f.

one TD with a new Burgers vectdfusion). If there was no Presently, we can only speculate on the physical origin
reaction, the pair was left undisturbed. Following the inquiryof the fluctuations in the net Burgers vector content of the
process, the film thickness increasedMly and the TDs all TDs. It is possible that early in the TD generation process,
translated laterally byAh tany in same sense as their line the MD have long glide lengths since there are few other
direction. The inquiry process was then repeated and all TDMDs that act as barriers to glide. If a limited number of
within an annihilation radius of one another were either re-sources are active in the initial generation process, the TDs
moved, combined, or left unchanged. This process obn any individual half-loop may become separated by dis-
“growth” and inquiry was then repeated until the final film tances well in excess df. If the TDs from a specific source
thickness was reached. If a TD exits the simulation domainare blocked by an obstacle, for instance an orthogonat™MD

N
241 Pi(r)bi‘v (13
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or a cluster of MDs, then there can be local fluctuations inpose that saturation is a consequence of fluctuations in the
the Burgers vector content of the TDs. Unfortunately, thenet Burgers vector content in the film with a wavelength in
generation problem still remains poorly understood and furexcess of the characteristic sampling length.

ther interpretation of the TD saturation requires further ex-
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