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In this article, we have developed models for threading dislocafid reduction due to the
introduction of an intentionally strained layer. Three different types of dislocations have been
considered in this model: misfit dislocatiofidDs), mobile TDs, and TDs whose glide motion has
been blocked by a MD crossing the glide path of the (ifldmobile TD9. The models are based on

MD formation by the process of lateral TD motion. The strain-induced TD motion leads to possible
annihilation reactions of mobile TDs with either other mobile TDs or blocked TDs, or reactions in
which a mobile TD is converted to an immobile TD by a blocking reaction with a MD. The
evolution of the density of mobile and blocked TDs and the MD density is represented by three
coupled nonlinear first order differential equations. When blocking of TDs by MDs is not
considered, the equations have an analytical solution that shows that the final TD density should
decrease exponentially where the argument of the exponent is proportional to the product of the
reaction radius between TOghe annihilation radius ,) and the nominal misfit straim,,. The
no-blocking limit represents the maximum possible TD reduction through the introduction of a
strained layer, regardless whether this layer has a discrete step in strain, step-grade, or continuous
strain grading. When only blocking reactions are considdram annihilation, again analytic
solutions to the equations are obtained which show the maximum possible plastic strain relaxation
for a discretely strained layer. Several examples of numerical solutions to the three coupled
differential equations are described for cases that include both blocking and annihilation reactions.
© 1999 American Institute of Physid$0021-89789)04901-4

I. INTRODUCTION In previous work on TD reduction in mismatched layers,
it was shown that in laterally uniform layers, the TD density
During the past 25 years a large body of research hasan only be reduced through reaction with other TD3he
been established on the theory and experiments for straitwo reduction reactions are annihilation, in which TDs with
relaxation by misfit dislocationgMDs) for lattice mis- opposite Burgers vectors meet, or fusion, in which two TDs
matched epitaxial filmgsee, for example, the articles by react to form a single TB:® Relative motion between TDs
Beanlandet al.! Freund? and Fitzgerald). In the growth of IS necessary to bring them within a reaction distance. It was
lattice-mismatched epitaxial thin films, threading disloca-shown that the possible sources of motion include “trajec-
tions (TDs) are concomitantly generated with MDs. For a tory” motion of the TDs with changing film thickness,

wide variety of electronic and optoelectronic device appIica-WhiCh is due to different TDs having different line directions

tions, particularly for minority carrier devices, TDs are del- (P&cause of their Burgers vectors and slip plansotion

eterious for physical performance. In recent years there hd§2y also be induced by condensation of point defects at a

been a substantial experimental effort to reduce TD densitiegD’ Iead!ng to enher positive cI|mb/ac§ncygco_ndensat|¢n
r negative climb(interstitial condensatiorr® Finally, TD

Despite th.e great amount of Ilterature Q?VOted. o theoreuCa{r?notion may be induced by intentional growth of a strained
and experimental understanding of critical thicknesses fofayer. In this case, when the film excess a critical thickness
MD generation, there have been relatively few theoreucahc, misfit dislocation generation accompanies the glide mo-

efforts reported to understand the mechanisms by which TD§;, of TDs.

are eliminated in thin films. The reactions among TDs can be analytically modeled
using a “reaction kinetics” approach. In this method, the
dElectronic mail: speck@mrl.ucsb.edu change in TD density with an evolutionary variable, usually
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film thickness, can be represented by a first order differentiastrained layer approaches for reducing TD density; that is a
equation. In the simplest case, only the total TD density wasopic for a future article.
considered. In a more involved approach, a series of coupled
ordinary first order nonlinear differential equations was for-
mulated. Each equation represents the change in the densjly BACKGROUND
of a particular character TQdetermined by its Burgers vec-
tor, line direction, and slip planeSince two TDs must react The concept and validity of the Matthews—Blakeslee
to reduce the TD density, each equation in the series of equaMB) critical thickness for forming MDs in strained epitaxial
tions is a sum of terms in which the individual terms are thelayers has been extensively explored during the past 25
products of specific TD densities with a coefficient based oryears. We follow the recent treatment of the critical thickness
geometry and interaction strength between the specific chaéoncept developed by Freufdn this approach, the ener-
acter TDs. In relation to chemical kinetics, the film thicknessgetically favorable motion of a TD connected to a MD was
evolution is analogous to time and the specific TD densitieg€Valuated as a function of misfit straég, and film thickness
are analogous to chemical reactant concentrations. The inteff» @S shown in Fig. 1. The critical thickness is that for
action constant for TD reactions, analogous to a rate constaMthich the equilibrium MD density is zero; for thicknesses
in chemical kinetics, is referred to as either the annihilationarger thanhc, it is energetically favorable for the TD to
radiusr , or the fusion radiusg . These two interaction con- increase the MD line length, as shown in Figh)l This
stants represent the distance necessary for spontaneous regiain-driven motion of the TD leads to both plastic relief of
tion between the TDs. Using this approach, with the fullthe misfit strain, but it also leads to increased probability of
details of the TD geometry if001) face-centered cubidcc) the TD segment meeting another TD segment. The MB criti-
semiconductor heteroepitaxy, the experimentally observe@@l thickness is given as the solution of
behavior of the total TD densitjinversely proportional to |b| 1-vcod B\ [ah,
the film thickness was reproduced in the solutions for the he ( 1+0 ) n(ITI)
total TD density. Additionally, the solutions for the coupled
differential equations showed a saturation in TD densitywhere|b| is the magnitude of the Burgers vector\ is the
when the initial TD density had a net Burgers vector contentangle between the Burgers vector and a line that lies in the
The experimental observation and theoretical predictiorfilm/substrate interface normal to the MD lingjs the angle
that the TD density in relaxed buffer layers will be inversely between the MD line an, v is Poisson’s ratio, and is the
proportional to the buffer layer thicknessmotivates other core cutoff parameter. For the purposes of this article, we use
approaches for efficiently reducing TD densities because lov Simplified approximation for the critical thicknels:
TD densities, in the range of 391 cm™2, may require Ib| b
the use of very thick buffer layers. The use of strained layers  h.~ — T 2
is particularly promising as, once the strained layer exceeds mo-m
its critical thickness, there can be substantial lateral motiod his approximation is justified because the product of all
of TDs as they generate MD segments. X-ray topographyther terms in Eq(1) are approximately constatiecause of
studies have shown that in the growth of strained layers othe weak thickness dependence of the logarithmic Jema
single crystal substrates the threading dislocations originatave a magnitude on the order of one. We note that the
ing in the substrate bend to form MD segments at straine@symptotic behaviors developed in this article for TD and
layer thicknesses very close to the Matthews—Blakeslee critiMD densities for large film thicknesses dot depend on the
cal thicknes$? For growth on single crystal substrates, the€xact value used fan,.
TD density is generally too lowe.g., GaAs substrates can ~ During the motion of TDs to generate new Mfsr h
typically be obtained with TD densities on the order of >hc), mobile TDs may have their motion blocked by MDs
10* cm™?) to provide a substantial MD density. Therefore, lying in the path of the moving TDs, as shown schematically
growth of thick strained layers on high quality single crystalin Fig. 1(c). The problem of TD blocking has been treated in

substrates will lead to the generation of a high density ofletail by Freund and co-workets?In the models we wil
TDs during strain relaxation. develop below, once a TD has been blocked by a crossing

In this article we model the TD reduction during the MD, its motion will be considered arrested for all further
growth of strained layers within the framework of the “ki- film growth. In future articles we will treat the role of “un-
netic approach.” The underlying layer for these models, reblocking” of TDs on TD reduction and strain relaxation in
ferred to as the substrate, is strain relaxed and has a high T8frained layer growth. ,
density(e.g., in the range £6-10'* cm~?2) which is associ- The equilibrium linear MD densitpih" (the number of
ated with misfit relaxation processes with a further underly-MDs per unit length at or near the film/substrate interface
ing layer. In the models developed here, we treat the concuffor films with thicknesses larger tham, can be calculated
rent TD reduction through annihilation reactions that resuldirectly'® and is given as
from TD-TD reactions during strain-driven TD motion. Ad- _ €
ditionally, we analytically treat the blocking of mobile TDs pﬁ"qgllz|b|cg]s)\ ( - F)’ for h>h,. (3
by MDs. However, we do not include any processes that
generate new TDs. In this article, we will not attempt to fit or Again, we use a simplifying approximation for the equilib-
explain the wide range of experimental data on differentium MD density:
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FIG. 1. Basic processes of TD motion in a strained epitaxial fin.An
isolated TD forh<h. and thus no motion is possibléh) TD—MD system
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FIG. 2. Motion and annihilation of TDs in strained laye(a) Initial con-
figuration of two TDs with opposite Burgers vectots, € —b,) on inter-
secting slip planes in a film of thickness<h, . (b) Intermediate configu-
ration with TDs at the distance of the annihilation radiysn the film with
thicknessh,>h; . (c) Final configuration with MDs onlythe TDs are an-
nihilated in the film with thicknessh;>h,.

1 1
€x= he 1~ PmD b. 6)

The critical thickness concept can now be used to illus-

for h>h,: increasing film thickness leads to the increasing configurationaltrate misfit strain mediated TD reduction. In our previous
force on the TD which leads to TD motion and generation of additional MD work, we argued that the most likely process for TD reduc-

segment length(c) Blocking of TD motion by a MD in the slip path of the

TD.

11
equi_—_ —  for h>h,.
PmD hc h c

If the MD density at a thicknedsis less thaptl", then the

“excess” straine, in the system is given as

tion involved annihilation or fusion reactions between TDs
lying on intersecting slip planes. Consider the example for
(001) fcc epitaxy shown in Fig. 2. For this example, both the
(101) and(01) slip planes have MD segments terminated by
a TD. The TDs in this example have opposite Burgers vec-
tors,b; = —b, when the outward normal sense from the film
surface is used as the line direction for the TDs. For a layer
with a misfit straine,,, at h=h;=h., the TD segments
should neither move to increase nor decrease the length of
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their MD segments. Fdi=h,>h,, itis energetically favor-
able for the TDs to increase the MD segment length, as X4+ )
shown in Fig. 2b). During the process of generating new *
MD length, the TDs may fall within an annihilation radius X
r,, at which point the TDs annihilate. The product of anni-
hilation reaction has no threading segments and the resulting
MD may have a change in orientation of its line but it must
have a single Burgers vect(mote that for the MD segments
we have changed the line direction for one of the MD seg-
ments after they fugeas shown in Fig. @). If the TD seg- v
ments do not have opposite Burgers vectors, but still have an ';
attractive force, then the two TDs will “fuse” and the result- Oe—eo °
ing single TD will have a Burgers vector that is the sum of
the Burgers vectors of the reacting TDs. Additionally, for T —»
fusion, the TD will form a node with the two MD segments (a)

at, or near, the film/substrate interface.

In our previous work on TD reduction in homogeneous
buffer layers we considered the complete crystallography X
and TD geometry for001) fcc semiconductor film&’ This v
treatment included all possible TOBurgers vector and slip 2rp ___>?
plane combination For (001) oriented films with —_———
11104117} slip systems, there are 24 unique character TDs T|<_ " _,I
(each of the 4 inclined111} slip planes has six possible
Burgers vectors including opposite sjgiThus, each unique
TD must be described with a separate differential equation. <0 @

"[Mobile TD

[tmmavile TD

o—p X
o)
I
|
I
I
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[ Be o4

Each TD ha a 1 in 24possibility of an annihilation reaction A
with other TDs ad a 6 in 24chance of a fusion reaction.
When considering all possible reactions between TDs, we
demonstrated that the reduction in total TD denéitye sum @) (ii)
of all 24 individual densitigswith increasing film thickness
(the solutions to 24 coupled differential equatipnsuld be
fit to the solution of a single differential equation for the  (b)
overall dislocation density with a single coefficieikit The _ . _ o

| fK is proportional to the annihilation radius. and FIG. 3. Plan view schematic showing the TD geometry leading either to
value o prop i ) - annihilation reactions or TD blocking due to motion of the mobile TDs.
also depends on the ratig /r , and depends on geometrical Here, a closed circle represents the initial position of a mobile TD, an open
parameters. For the description of overall TD reduction, wegircle represents a mobile TD after motion, ane aepresents a blocked or
can adjust the dependenciesK)by appropriates changes to immobile TD. (&) Blocking of mobile TDs by MDs with average spacing
the value off . In the current approach we are interested in|. Y/Pvo=1/ps. (b). Annihilation reactions(i) between two mobile TDs;

Al pp_ TR ) (ii) between a mobile TD and a blocked TD.

total TD reduction due to effective annihilation reactions.
Therefore in the models below we consider only annihilation

reactions and treat, as a phenomenological parameterintentionally strained layefmisfit straine,,) by MD genera-
which describes the average overall reaction probability.  tion through the motion of mobile TDs. That is, there is no
In models developed below, we assume that the threadnechanism for generating new Tes.g., through new half-
ing dislocations lie on inclined slip planes such that the mis{oop formation or multiplication We initially consider the
fit strain directly leads to a resolved shear stress on the sliphanges in TD and MD densities with differential motidk
plane. Thus, the models are directly applicable, for examplegf the mobile TDs. The mobile TD motiok is driven by an
to (001 epitaxy of diamond structure or zinc blende semi-intentional misfit straing,,. We will later relate the differ-
conductors. Note that fof0001) oriented wurzite semicon- ential motiond\ to changes in film thicknessh. The total

ductors, the{hkiO} planes, on which the TDs normally lie, TD densityp'S?', which is defined as the number of TDs per
do not have a resolved shear stress for biaxial misfit or themnit area at the film free surface, is given as
mal stresses.

PTS=pTot P - (6)
The changes in the TD densitig§y, pi-rD, andpyp are
all related to the motion of the mobile TDs. If we assume a
For the treatment of strained layers, we consider TD<ross grid of MDs, as shown schematically in Figa)3the
that have no obstacles to motion, mobile TDs with densitynean spacing between MDs will be inversely proportional
pTp, and TDs whose motion is blocked by MDs. The to the pyp and for simplicity we assume there are no geo-
blocked, or immobile, TDs have densipyy. In all of the  metric factors in this relation, i.el=1/pyp (that is, we take
modeling that follows, we only consider the relaxation of anthe number of MD intersections with a reference line that is

lll. APPROACH
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perpendicular to the MD lingsThe chance of intersection of which the mobile TD velocity is constauntil equilibrium

a randomly located TD, with a MD line, due to TD motion relaxation is achievedor the mobile TD velocity is propor-
d\, isd\/I=pypd\ and thusdpTp= — pTppmpdA. At such  tional to the “excess strain” in the system.

an intersection, a mobile TD, shown as an open circle in Fig.  For the purposes of compactness, we introduce the nota-
3(a), is blocked, i.e., it is transformed into an immobile or tion
blocked TD, shown with an X’ in Fig. 3(a). The differential

m __
motiond\ of the mobile TDs will also lead to probability of PTo™ P2
reactions between mobile TDs. If we assume that the mobile !\ =, (10)
TDs will react if they fall within an annihilation radius,,
then the motiom\ of the mobile TD sweeps out an interac- PMD= P3,

tion areaS=2r,A\, as shown in a schematic plan view in 544 thus Eq(6) can be rewritten as
Fig. 3(b). In the areaS each mobile TD on average will otal
encounterN™= pT,S other mobile TDs and thud pT,,= P> =Pt=pP1t P2 11

—N"pTp= —P?Lz)s: _2rAp‘r|'n|§A)\' Taking the limit thatAN  Additionally, we will frequently use dimensionless TD and
becomes vanishingly small leads to the differential expresmD densities, film thickness, critical thickness, and Burgers
sion dpfp=—2rapTrd\. The mobile TDs may also come vector as a result of normalization by either the annihilation
within r 5 of blocked TDs and annihilate. In the motidm of  radius squared or by the annihilation radius respectively,
the mobile TD, each mobile TD will on average encounteri.e.,

N =pi-|-DS immobile TDs. The differential change in the den- = 2= om 2
sity of mobile TDs as a result of annihilation reactions with 1~ P A~ PTD A
immobile TDs will then b.edp?D=—2l’Ap$Dp'TDd)\: The Po=para=phora,
sum of the three contributions that lead to changify is _
then written as P3=p3fa=pPwmpla:
2 : ~ h
dpTp=~pToPmpdN = 2r ApTpdN = 2 ApTppTpdN.  (7) h= o (12
Immobile TDs are generated by MDs blocking the motion of
mobile TDs, i.e.dpTp=+ pTppmpd\, and eliminated by an- hczr—c,
nihilation with mobile TDs, i.e.,dptp=—2r apTpppdA. A
Thus, the total change ipp with motion is given as - b
b: T
dpTp=+ pTpPMpdN — 2 ApTpPTRAN . tS) A
~ A
The MDs are generated through the motion of mobile ?\=a-

TDs, and their density changes with differential motion as
We prefer to work with both the dimensional form and the

dpmp=2pTHdN, (99  normalized form(dimensionlessof the coupled differential
equations and variables. The dimensional form is included
where the factor of accounts for use of a linear MD density here for the sake of the derivation. The normalized variables
in a cross-grid array of MDs. and equations are used because they reduce the number of
When the misfit strain has been relieved to its equilib-independent parameters and the results have broader appli-
rium value for the given film thicknessvhen e, given by  cability.
Eq. (5) is zerd, then we consider no fur_th(_ar MD_ generation. o Ganeral form of the differential equations
In the models developed below, we will investigate the TD
reduction and MD generation both at constant film thickness ~ Using the compact notation for the TD and MD densities
(allowing the system to evolve towards equilibriuand at given above, the coupled differential equations describing
changing film thicknesé&ssociated with growihFor the TD ~ the TD and MD evolution are given as

reagnons, we _W|II only consider TD—TD react!ons dueto TD dpy = —Qplpgd)\—2rAp§d)\—2qrAp1p2d)\, (133
motion associated with MD generation—unlike our models

for homogeneous buffer layers, we will not consider any  dp,=q(p1p3d\ —2rap1p20\), (13b)
geometrical motion of the TDs with changing film thickness N

that is associated with their line direction. dps=2p10A, (139

We will develop two main models for TD reduction in where the parameteq represents MDs b|ocking or not
strained layers. The first model intentionally neglects blocklocking TD motion =1 corresponds to blocking of TDs
ing of TD motion by other MDs(case ). Although this by MDs andq=0 corresponds to no blockingThe coupled

model may have limited applicability to discretely strained differential equations written in normalized form are given
layers, we believe that this model represents the case ¢fs

graded layers. The second model explicitly treats blocking of = o~
TDs by MDs(case I). For both models, we consider cases in ~ dp1=—0dp1pzd\—2p7d\—20p1p,dX, (143
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L

dp2=A(p1p3dX—2p1p20dN), (14b) 0.4 .
dps= %’Z)ldx- (140

The motion of the mobile TDs is limited either by real-
ization of complete strain relaxatiop{b= €,,), when there
is no driving force for continued motion, or through their
depletion by annihilation reactions and the formation of
blocked TDs. Sinca is not an easily controlled experimen-
tal parametetnor is it easily measurggdin several cases we
relate the TD motion to easily realized parameters such as
film thickness or growth rate.

III|IIIlllIIIIIHJlHIIlIlI||IIIIIIIl

=

0
0.001 0.01
IV. SPECIFIC CASES €

We now consider several solutions to the set of COUpleq:IG. 4. TD reduction,pllpfl’, in the model of no TD blocking for fully
differential equation$Egs.(13) or (14)] for different bound-  relaxed layersk{—=) as a function of the initial misfit straie,, divided by
ary conditions. Although the solutions are general, we willthe normalized Burgers vectef, /b= e a/b[ = (ra/h¢)].
consider examples for which the magnitude of the Burgers
vector is~1-5 A, which is in the typical range for group IV
and zinc blende semiconductors, the misfit stigiris in the

range 10%—10"! (although this latter value is very large, it © 9'Ve
could be easily realized in graded layer growthnd the h
annihilation radius , has a value in the range 500—100¢ A. P1=P(f exr{ _ B( 1— FC) } (189
A. Case I.1: No blocking, equilibrium relaxation h
€
In this case, we neglect any blocking of TD motion by Pazgm (l— FC) (18b

MD segments that lie at the strained layer/substrate interface.

ot g [ 1SR c=. We ot it 5 bvious
9 9 gEq. (18b) is just another form of Eq.159 For h=h,, there

h=h;. Thus, the TD motlord)\ with changing film thick- is no strain relaxation or TD reduction, as anticipated. For
nessdh may be determined by

h— o0,
B 1 1 15
Ps=h i (153 p1=pS exp(—B), (193
d _an_, dA (15b €
Pa=hz 2P p3=p =3, (19
which gives
2dh  2e-h.dh wherep3 corresponds to the MD density for the fully relaxed
A= =-_mc 16 layer.
pa? " Dpyh? (10

Assuming that there is no blocking of TDs by MDs or by
where we have useld,=b/e,,. Since there is no blocking, other TDs this solution predicts a decrease in TD density that
p,=0 for all film thicknessedi.e., =0 in Eqgs.(13) or  depends exponentially on the paramddeiThe misfit strain
(14)], this reduces the systefiqgs.(13) or (14)] to two in-  is the most directly controlled parameter By and small

dependent differential equations: changes in the misfit strain can lead to substantial changes in
e h the final TD density. As a simple estimate, we take
A€m llc — _ final; 0 .
dplz_THZpldhv (179 =2A, ra=500A and plotp;"™/p; as a function of the

nominal misfit strain for the layer in Fig. 4. It can be seen
€m he that a misfit strain of 0.1% leads to-a66% TD reduction of

dp3=F 2 dh. (17  and a 1% misfit strain leads to a TD reduction-689.5%.
Although this model shows that substantial TD reduction
These two equations can be integrated frogto h(>h.) can be achieved by a single strained layer, it is unlikely that
using the boundary conditions such reduction would be realized because of blocking of TD
0 motion by MDs. However, for the case of strain graded lay-
piln-n=p1 ers, in which the MDs are distributed throughout the strained
and region, this model may have more applicability; this is be-

cause the strain grading provides a means for TDs to bypass
Paln=n=0 other MDs.
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B. Case |.2: No blocking, equilibrium relaxation, and 0.2
diminishing driving force

In this model, we assume that the TD velocities are lin-
early proportional to the “excess strain” for relaxatifsee
Eq. (5)] and we relate the differential TD motion to both the
TD velocity and to the film growth rate. Again in this model,
we consider no obstacles to TD motiére., no blocking of i
TDs by MDs. r

The TD velocity is taken as linearly proportional to the -
excess strain in the system. The functional dependence for L
the velocity does not change the asymptotic value of the TD r
densities provided that the TDs have zero velocity &r =

Increasing |
Growth Rate
Increasing i
TD Velocity|

_ R j . 0 / LLdlL] . Y
0. The average TD velocity will be given as Equilibium 10 _ 100 1000
~ Relaxation h
h. hel - ~
v=Ae=Al e 1 h —p3b|=Alen| 1— T —psb|, FIG. 5. Thickness dependence of the TD density in strained layers in the

model without blocking where the TD velocity is proportional to the “ex-
( cess” strain(case 1.2. Curves are shown for differeatvalues(wherea is

. . . . . . proportional to the ratio of the TD velocity to growth rat@dditionally, the
whereA is a proportionality constant with units length/time. sqjytion is shown for equilibrium relaxatiofsee Eq.(18a]. The initial

The differential TD motiond\ will be dA=v dt. For con-  misfit strain here is,,=0.01.
stant film growth rateg=dh/dt, d\=v dt=(v/g)dh, and
thus the coupled differential equations for TD and MD den-

sity evolution can be written as : S .
C. Case I.1: Blocking, no annihilation reactions

) he (constant driving force )
dpy1=—2rapial em| 1— h _p3b}dh’ (213 In this case, we consider only blocking of mobile TDs
by MDs, thus creating blocked TDs; there is no annihilation
1 c of TDs. For this idealized situation, the following three equa-
dp3:§ p1a €m| 1- F) _p3b}dh’ (21D fions must be solved:
or in dimensionless form dp1=—p1p3dh, (233
T dpo=p1p3d\, (23b
~ ~ Cc ~ ~
dp,=—2p3a fm( 1- T]—) —p3b|dh, (229 dps=1p,d\. (230
For these equations, it is obvious tltkat,= — dp, and direct
1. hel - ~| ~ integration giveg,= —p;+C (C s an integration constant
dp3:§ p1a €m| 1- T —psb(dh, (22D Thys only two coupled equations must be solved:
whe_rea=A/g. This system of equations can be _solved nu- %: —p1P3, (243
merically since they are coupled through the varighle
Since this model does not include TD blocking, the so-
1

lutions should asymptotically approach the solutions for TD an 2P (24b
and MD density given at large film thicknesses, as given in

Egs. (19). The rate of TD density falloff should decrease where

with decreasinga values. Figure 5 shows the solutions to
Egs. (22) for €,=0.01,b=10"?r,, pri=0.2, and fora
values of 10, 100, and 1000f we take, for exampler,  and
=500 A, thenb=5 A and pd=8x10° cm™2). These solu- 3
tions show that the TD density does fall with increasing film p3|h:hc_o'

thickness and asymptotically approaches its saturation valughich leads toC=p9. The solution of these equations is
at largeh. Furthermore, the TD density has a faster rate ofgiven as

diminishment for increasing TD velocity. Figure 5 also 0

shows the calculated TD density for the case of equilibrium _ Apg exp( VpN)

Mh=n=0, paln=n=p% poln-n =0,

relaxation[case I.1, Eq(183]. In all cases where the TD pl_[exq \/P—(fk)'*'l]z’ (253
velocity depends on the excess strain, the TD density has a

higher value than that given by the case of equilibrium re- 5 EXp( \/p_g)\)—l

laxation. This is the expected result, because equilibrium re-  P3= \/_ o o (25b)

P1 0 ’
laxation corresponds to zero excess stigitthroughout the exp( \/9_17\)+ !
growth. which have the asymptotic behavior:
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)![)nooplZO’ (263 0-3 T T T T 7 IIII T T T T FTTT
Jim pg= Vp!. (26b) 0.25 -
Although these solutions neglect TD annihilation, they do 0.2 _
demonstrate the general validity of the approach. Provided ,é?
that there is sufficient misfit strain, all mobile TDs will be- ~0.15 Py .

come blocked by MDs. Since each mobile TD generates a
MD segment in this model, the final MD density is given as
the square root of the TD density and the maximum strain
relaxation is given agp;b= \/;gb. Taking, for examplep‘f
=10 cm 2 andb=2 A, the maximum strain relaxation is
psb= \/;'ib=2><10*3. It is important to note that when an-

) NS | 1 T W

nihilation and blocking reactions are includéske the next @ 10! 102 103
case the plastic strain relaxatiompgb, will be less than that h
predicted by Eq(26b) because the density of mobile TDs is
diminishing through annihilation, thus reducing the density 0.3 e
of TDs that can produce new MD segments.
Let us consider strain layer growth on high quality single 0.25 P3 N
crystal substrates, e.g., GaAs with a TD density of
~10* cm™2, and an effective value df of ~2 A. The maxi- o 02 7]
mum extent of strain relaxation from MDs that result from e 0.15 i
bending of substrate TD in the blocking limit will besb WS
=/pIb=2x1075. Thus, it is not surprising that the new = 0.1 i
TDs must be generated for extensive relaxation in strained < Bo
layer growth on high quality substrates. 0.05 =
P1
D. Case I1.2: Blocking, reactions, incomplete 0 il aiid 4
relaxation (diminishing driving force ) (b) 10° 101 102 103
This case involves solutions of EqgEl3) (with q=1) h

corresponding to both TD annihilation reactions and bIOCk'FIG. 6. Evolution of TD and MD densities in growing strained layjrs-

ing of mobile TDs by MDs. In this case, the TD velocity iS amples of solutions of the system of E¢28)] in the model that includes
linearly proportional to the “excess” strain in the system of TD blocking by MDs and TD velocity proportional to the “excess” strain.
differential equations which readily facilitates solutions in (&) Growth with complete misfit strain relaxatiof)) growth with incom-
thick . tal t th tharAl plete misfit strain relaxation. Fga) and (b) the following parameters were
ICKness, an expermental parameter, rather tRaml- ,q04. hormalized initial TD densify? = pfri=0.2; a=100 (TD velocity
though the TD velocity likely has _a power law or eXponent'?‘_I parametey; and normalized Burgers vectbr=b/r ,=0.01. The initial misfit
dependence on the excess strain, the TD and MD densiti@gain for(a) was e,,=0.001 and for(b) €,,=0.01.
for large thicknessegasymptotic valueswill not change.

The equations to be solved follow as
We start by considering two representative examples of

hc> } . . . . L S
do=—alel1—=-2|=0p.b + 21 ap2 the solutions of Eq9(28) in which either the misfit strain is
P " h) Ps (P1p3 AP1 completely relaxed or all mobile TDs become blocked before
the strain can be fully relaxed. For this example,
+2r dh, 27 ,
AP1P2) 279 =10 ?r,, pIri=0.2,a=100, ande,,=0.001[Fig. &a)] or
he €m=0.01[Fig. 6(b)]. For the case of the initial misfig,
dpa=2a) €m| 1= 17| = p3b|(p1ps—2rap1p2)dh, (27D 0 001, the normalized MD densify; asymptotically ap-
H proaches a value of 0.1 for larde which corresponds to
a c complete strain relaxatiofi(ps/rp)b=pzb=(0.1k )10 2
dpz=% 1--—=|—p3b|p.dh, 27¢ P3itAID=P3 A

P3=32 em( h) P3 }pl @79 Xr1,=10"2]. For this example, the normalized density of

or in normalized form as mobile TDsp; and blocked .TD.% both~asymptotically ap-

_ proach a constant value with increasihgas expected for
d_ﬂl: _ab _51__ i_~ (Pipat 202+ 20.5,), (283 complete strain relaxation; as the film relaxes, there is a di-
dh h. h P3[\P1P3T PLT £P1P2): minishing driving force for TD motion and new MD forma-
= 11 tion. Since the misfit strain is small, the TD reduction is also

P2_ =~ ~ |~ e~ small, p"¥/59~0.65. If there were no blockintand in this
— =ab|~——~— -2 , 28b P1 1P s .
dh he h p3)(p1p3 pip2) (280 case there is minimal blocking a8"/pi"®<0.1), then, us-

- ~ ing Eqg. (198, a fraction change in TD density /59
dp3: a_b 1 _ 1_~ ~ =0.670 is predicted which is in close agreement with the
— ——=~—ps|p1. (280 : !

h 2 1lh, h numerical solution.
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FIG. 7. Solutions of the system of EgR7) or (28) corresponding to the model that includes TD blocking by MDs and TD velocity proportional to the
“excess” strain. These plots show the thickness dependence of the total TD density and MD density in strained layers for different initial misfjt strain
(a) Total normalized TD densit,=p,+pa(=pir 2= pira+p,ra); (b) normalized MD densityp;=par»; () fractional residual strain en—psb)/em
=(€m—p3b)/ e, . The initial misfit strainse,,=0.001, 0.002, 0.003, 0.004, 0.005, 0.01, 0.02, and 0.1 are shown for each curve. For all parts the following
parameters were useﬂgzp‘jrizo.z; a=100(TD velocity parameter andB:b/rA: 0.01. The dashed line ift) corresponds to the equilibrium residual
strain, which can be found from E¢B). (d) Dependence of the normalized MD density= psr , on the normalized initial misfit straiam/5= emfalb.

When the strain is sufficiently large, the TDs will be- total TD reduction(where p'3&=p,=p,+p, or pSe="7,
6(b) for the case wherey,=0.01. In this example, the nor- \\hen the misfit strain exceeds the value where complete re-
malized MD density; asymptotically approaches a value of |5, a4ion is possiblgreferred to as the blocking limit, i.e.,

~0.27 for largeh which corresponds to a plastic strain of ~ 0 for i . : -
- or increasingh), the change in total TD density is
2.7x 10 3. For complete blocking, the final value p§ can P ! Ingh) ge ! Wi

be compared with the asymptotic behavior of Eg6) constant for the same initial TD density. Figur@)7shows

which are the solutions for the TD evolution when annihila-the t.hIth?etSS de%eggincedpéf io][ dlffer.er?tt. \Ilefll_léez Offfé‘y
tion is neglected. In this case, maxqps=/p;=0.447. The ranging between £.99 and 9.1 Tor an initia ens!

. . =0.2. For misfit strains larger than0.003, the total TD
asymptotic value op; is less than\/[_)'i because the value of density asymptotically approaches a value~@.055, corre-

gllo((::ikeiﬁ;e?sae;i(t)rr]]rsough annihilation reactions in addition tosponding 10 a TD reduction of75%. The MD densityps
The solutions to Eq(28) are quite stable when the sys- also reaches a copstaht value for misfit strains Iarggr than
tem either approaches complete relaxafibiy. 6a)] or ex- ~0.003, as shown |~nf|g.(ﬁ). The value of the normalized
hausts itself of mobile TD§Fig. 6(b)]. Solutions for Eqs. residual strain én—psb)/em=(em—p3b)/em as a function
(28) for different velocity dependence on strdire., cases ©f thickness is shown in Fig.(¢). Again, it is clear that for
where the TD velocity has a power law dependence on th#itial misfit strains less thar-0.003 there are sufficient mo-
excess strainy =Aey) have the same asymptotic values of bile TDs to eventually fully relax the misfit strain, whereas
the TD and MD densities. for initial misfit strains greater tharr0.003, the mobile TDs
For the case of complete relaxation, the extent of thbecome exhausted and the films have a residual misfit strain.
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FIG. 8. Influence of the initial value of the TD density on the relaxation
processes in strained epitaxial layéfsr the model that includes blocking
and a linear dislocation velocity dependence on the “excess” $tréan
Evolution of the normalized TD densify,=p,+p(=p 2= pira+pora)
with normalized film thicknes~9=h/rA. (b) Dependence of the maximum
possible TD reductiond0—p;)/p’=(p?— p;’)/ p? in the blocking model as

a function of the normalized initial TD densify=p2ra. Here, the follow-
ing parameters were used: initial miséf,=0.01 anda= 100 (TD velocity
parametex

The asymptotic values of the misfit dislocation dengityas

a function of the initial misfit strain are shown in Fig.dJ.
The fractional TD reduction, in the model including

blocking and diminishing driving force with progressive
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developed in this article. Discretely strained layers are par-
ticularly effective at TD reduction for initially high TD den-
sities. However, at lower initial TD densities, the probability
of TD—TD reactions is diminished through the blocking of
mobile TDs by MDs. When there is sufficient “excesss”
strain, blocked TDs may by pass the MD segment which lies
in the TD glide path; however, adoption of a “bypass crite-
rion” has not been included in our initial approach but is
planned for future work.

Alternative approaches to TD reduction, such as continu-
ously graded layers, may be employed for effective TD re-
duction at lower TD densities or for achieving over all lower
TD densities. Provided that the strain grading is sufficiently
slow with increasing film thickness, graded layers provide
the intrinsic advantage that the MDs are distributed through-
out the strained layer and thus blocking of mobile TDs by
MD segments is avoideffor reviews for experimental re-
sults on graded layers, see either Ref. 1 o). Thus, the
model of no blocking of mobile TDs and equilibrium relax-
ation (case 1.} should represent the ideal limit for slowly
graded layers; the total TD density should have an exponen-
tial dependence on the annihilation radius and on the total
misfit strain. Further, for a slowly graded layer, the product
of the projected misfit dislocation densjp)'%°**“(projected
through the fully graded laygand the Burgers vector should
be equal to the total misfit strain for the graded layer, i.e.,
phrolecte— ¢ . Recent results indicate that graded layer ap-
proaches have had the most success in reducing TD densities
for laterally uniform layerdfor example, see two recent ar-
ticles, Refs. 15 and 16

In this work, we have assumed that during the growth of
the strained layer there is insufficient driving force to acti-
vate new sources of misfit and threading dislocations. How-
ever, in the growth of strained layers, either where the TD
density is low(such as in the growth on high quality sub-
strate$ or where either the misfit strain or thickness is large,
then the possibility of activating sources for new MDs and
TDs may be quite high’ The current treatment has explic-
itly been concerned with reducing TD density through strain-
driven motion of TDs. For real growths, however, the possi-
bility of increasing the TD density through the activation of
new dislocation sources is a real issue that requires careful
experimental consideration. In our future work, we will ex-
plicitly deal with possible dislocation generation.

In our previous modeling of TD evolution in relaxed

strain relaxation, depends explicitly on the number of initialhomogeneous buffer layers, we suggested that fluctuations of
TDs. This is shown in Figs.(@) and 8b). In these examples, the net Burgers content of the TDs may give rise to satura-
the initial misfit strain is 0.01h.=r,, and a velocity param- tion of the final TD density, where the important fluctuation
etera= 100 was used. For small initial TD density, there iswavelength is on the order of or larger than the possible
negligible reduction, as the TDs have large spacing relativéateral motion of the TDs. For the case of homogeneous
to ry and there is only a small probability of reaction of buffer layers, the extent of lateral TD motion is determined
either two mobile TDs or one mobile TD and one blockedby the trajectory of the inclined TD with increasing film
TD. With increasing TD density, the probability of reaction thickness. However, for strained layers, the extent of lateral
increases, and there is a more effective percentage reduction) motion depends on the nominal misfit strain and the
as shown in Fig.gb). initial total TD density. In principal, the lateral TD motion
for strained layers may be substantially larger than the lateral
V. DISCUSSION motion achievable for homogeneous buffer layers. There-
The use of discretely strained layers can provide d&ore, the strain-driven migration of the TDs may act to “ho-
marked reduction in TD density, as shown in the modelamogenize” the spatial distribution of densities of different
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specific TDs and thus lead to a lower value of the local netnagnitude and the subsequent steps should hmreasing

Burgers vector content and, accordingly, lower saturatiorthickness to allow for sufficient relaxation of the reduced

values of the TD density. Indeed, MacPherson and Goodhevayer thickness.

showed that the growth of strained,jgGay 9oAS layers on Numerical solutions for the cases that include both anni-

GaAs substrates with a thicknebs=4h. leads to both an hilation and blocking reactions have behavior bounded by

order of magnitude reduction in TD density and also leads tdhe two analytic cases. The solution to these equations, when

reduced inhomogeneities in the distribution of threadingthe TD velocity is proportional to the excess strain, show

dislocations'® stable solutions, thus demonstrating the general validity of
the approach.

VI. SUMMARY AND CONCLUSIONS
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