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Introduction

Unti l  lecentlv. latt ice n-ratched gro*th r.r 'as mainstrearn in
semiconductur epitax¡, ' .  ar-rd strained layer growth was a
scienti f ic curiosit¡ ' .  I t  ."vas commonll '  thought that even i f
str¿rin could be incorporated into layers during growth. i t
would not survive device processing. or would lead to rapid
degradation of the clevice in serr, ice. This has been strongly
refuted by the success of the strained layer laser and i t  is
probable that in the future strain rvi l l  be incorporated into
semiconductor heterostructures routinely. l f  strained layels
clo not normally relax and degrade durine processing and
device operation. the condit ions under which they do relax
require investigation. in addit ion to whether rela¡,at ion is
predictable ( l ike plast ic deformation general ly) or whether
it  is intr insical ly unpredictable ( l ike cracking).

In the present paper. the theoretical background is f i rst
considered ¿rnd then the experimental evidence fot '  pre-
dictabi l i ty ' .  Plast ic lelarat ion is shorvn to be predictable
provided grou'th is uel l  control led and of the highest
quali t l ' .

Theoretical background

I t  is apparent th¿rt the large strains. of the order of 10 2.

that can be grown into semiconductor la¡rers are only
possible because the layers are very thin. Bulk semi-
conductors at gro\\ ' th temperatures ( in the region of 600 C)
have elastrc ¡ ' ield strengths in the region ol 10 MN m '7.

correspondir.rg to strains of on11 10-5. The thickness
required has been stucl ied extensively for approxirnately
40 r'ears (.sre e.g. Rel.s. I 3. and see Ref. 4 for a review of
thetrr\  rult l  er¡el irrerrt  ) .  Both equi l ibr ium and kinetic
effects have been considered. are summ¿rrised bliefly belorv,
and are compured rr ' i th the empir ical behaviour. part icularly
of I I I  V strr inecl hlers. I t  is concluded that neither the
equil ibnum theorl nor kinetic effects account fcrr the
observed behaviour.

E O U I L I B R I U M  E F F E C T S
The physics of the incrc-asccl elast ic -vield strength of a
sul l icientl i '  small  object is rrcl l  establ ished. I f  the elast ic
strain energy inte-srated ovcr the volume is insulhcient to
produce a dislocation. no plust ic relar¿rt ion occurs. There
are some dif l icult ies rn crlcul l t ing e\actl) ,  the strain and
dislocation energies. but reasonable approrimations lead

to the Matthews equation,2 which is sufl iciently accurate
at low strains (be1ow about l0 I  )  arrd predicts a maxtmum
strain of

0 '1  nm
/ t I

¿ m a x -  \ t l
t1

fbr a layer of thickness /r.  At higher strair.r  values the
approximations in the derivation of the Matthervs equation
become more severe. but numerical calculat ions5 show th¿rt
equation (1) can continue to be used fol strains above 10-r
(within the l imits permitted by growth).

In the derivation i t  is ¿rssumed that dislocations alreadv
exist (for erample. threading dislocations ol iginating from
the substrate). In practice there ale usually far too ferv
exist ing dislocations to give signif icant rel¿ixation. and
dislocation generation or mult ipl icat ion mechanisms must
be involved. To analyse this problem. i t  is helplul to recast
the Matthews del iv¿rt ion in terms of dislocation curvature.
Cottrel lb gave the minimum radius of curvature R-,,  of a
dislocation in a stress o as

where 7 is the l ine tension of the dislocation and ó is the
relev¿rnt component ol the Burgels vector. The Matther.vs
model identi f ies the m¿rximum thickness for a gi leu st lain
(the cri t ical thickness ft"¡ rvi th R*,..  so that a misf i t  dislo-
cation makes a quarter circle lrom the ir-rterface to the free
surface (Fig. 1lr).  Dislocation mult ipl icat ion mechanisms.
however, require layer thicknesses ol several t imes R-,. .  A
spiral source. fol example. requires 4R-," (Ref.7). whereas
a Frank Read source requires 5R-1" (Fig. 1d). I t  was also
noted by Freunds that the creal ion of the two orthogonal
arrays of misf i t  dislocations required for relarat ion in both
direct ions requires ¿bout twice the cri t ical thickness. Thus
signif icant relaxation of a strained layer is not expected
unti l  a thickness which is a simple mult iple (of the order of
x 5 to x 10) of the cri t ical thickness given by equation ( 1 ).

K I N E T I C  E F F E C T S
Figure I shows dislocations which move by gl ide. Glide is
a process with an activation energy in the region of 1 I  e\r
(Ref.9). and i t  becomes signif icant at the elast ic plastrc
transit ion, at approximately 300'C in the II I  V cor.r.rpolrnds.
There is then a wide temperature interv¿rl before diskrcation
cl imb occurs at temperatures sul l lcientlv high fol siqni ircant
dif fusion, lor which the activation enelgv is about .r ' - i  -1 c\ '
(g iven  as  3 '7  eV by  Brad ley  e t  u l . " ' )  in  the  I I I  Y  cor rp r run t i : .
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( c )

a layer  i s  be low equ i l ib r ium cr i t i ca l  th ickness  hc  w i th  h<B- in  f rom
equat ion  (2 ) ;  b  laver  i s  a t  h " ;  c  layer  i s  above h" ;  d  th ickness  requ i red
for  Frank-Read source  to  opera te  be tween subs t ra te  and f ree  sur face
-  so l id  curve  shows d is loca t ion  a t  F- in ,  do t ted  curves  show la rger
rad i i  occur r ing  be fore  and a f te r ,  and min imum layer  th ickness  f rom
subst ra te  to  f ree  sur face  can be  seen to  be  5R- r " ,  wh ich  by

compar ison w i th  b  i s  5h"

Mis f i t  d is loca t ion  wh ich  te rm¡nates  by  curv ing  to
surface with rad¡us given by equation (2): substrate
interface is to left ,  free surface to r ight

requir ing 700 800'C. Most growth is carr ied out in the
range 500 650'C, so i t  is apparent that gl ide occurs fteely
whereas cl imb is insignif icant. Consequently. no signif icant
change ol relaxation with growth temperature or growth
time is expected, i .e. thele are no kinetic constraints.

This differs from Si based systems, for which growth is
carr ied out near or below the elast ic-plast ic t lansit ion and
kinetic constraints are observed.a'11 Fitzgerald.a however.
notes that Si-Ge growth carf ied out at temperatures much
higher than normal results in relaxation behaviour similar
to that of the II I  V compounds.

Empirical relaxat¡on behaviour

A wide diversity of results may be found in the l t terature.
possibly implying that many parameters are involved. some
perhaps uncontrol led, or even implying that relaxation is
essential ly unpredictable. Most data are avai lable for the
InGaAs ternary al loy. which can be grown mismatched on
GaAs or on InP. The present authors have therefore
concentrated on this system. and other material systems
are considered briel ly below.

Considerable diversity also originates from the use of
different techniques to measure relaxation.a The present
discussion is restricted to results obtained from double
crystal X-ray dif fract ion (DCXRD). in which measurement
of the tetragonal distort ion and of the size of the unit cel l
gives both strain and composit ion without any assumptions.
Similarly. i t  is preferable to use only thickness data from
cross-sectional transmission electron microscopy (TEM),

rather than nominal values from grorvth.

EXPERIMENTAL RELAXATION OF InGaAs
Whaley and Cohenrr measured the latt ice parameter of
InGaAs la¡rers during grorvth. varying the composit ion and
the substrate temperature. and f i t ted the results to the
Dodson and Tsaoll  model. Good agreement was found,
rvhich suggests the importance of kinetic constraints. except
for one very significant discrepancy. When growth was
interrupted, the latt ice parameter should have continued to
evolve with t ime. but did not. Further evidence of the
absence of kinetic constraints is provided by the anneal-
ing experiments of Drigo et t i l . t3 and of Lourenqo and
Homewood.la which show that signif icant furthel relaxation
of palt ial ly lelaxed layers can only be achieved by very
severe annealing at temperatures and for times appropriirte
fol interdif fusion to occur.

Drigo er a/.13 present their orvn data fol the strain in
relaxing layers as a function ol the thickness. together lvi th
some data from previous authors. A square root dependence
was found with ¿v,/¡ 12 for strains from l 5 x 10-3 to
15 x 10 2 and for composit ions of In"Gar ^As with .x
from 0'015 to 0'25. This relat ior.rship is only approximate.
r.vi lh a scatter around the curve within a factor of two. but
a sin.r i lar trend can be detected in other data. For example.
much of the present authors' data (.sec Fig.3 in Ref. 15)
can be shown to be consistent with this trend.

Dunstan et al. 'o have reported ¿r systematic ¡elaxation
behaviour with three regimes. In regime I,  above the
equil ibr ium cri t ical thickness of equation ( l  ) .  a few misf i t
dislocations may form but no significant relaxation occurs.
In regime II .  predictable ¡elaxation occurs, obeyingtn

0'83 nm
t : ( h ) :  

,  
( 3  )

Final l i ' ,  at small  strains below about 0 lru, tesidual strain
remains which is essential ly independent of thickness
(regime II I) .  Work hardening occurs and the layer becomes
able to support i ts strain without the benefi t  of small
thickness effects.'b

This behaviour rvas deduced from a set of results for a
few Inn.rGa6.sAs layers and an Ino.o.Gau.e.As layer. with
strains from 5'6 x 10 1to 8 3 x 10 3, grown under norrnal
molecular beam epitary (MBE) condit ions. Subsequently,
similar behaviour was observed in Inn.rGa¡,.sAs grown at
the much lower temperature of 400. 'C.1r Up to about 50%
relaxation these samples fol lowed equation (3). and two
samples at greater thickness shorved some evidence of
kinetic constraint (at 200 nm thickness the stratn was
5 3 x 10 -r whereas 4'2 x 10 3 is expected, and at 400 nm
i t  r .vas  32  x  10  3  whereas  21  x  10-3  is  expec ted) .  A l l  these
samples were grown in the same MBE machine b¡ the
same growefs. More recently, some Ino.rGan.nAs samples
grown by MBE in a dif ferent laboratory were presented
and they were also shown to obey equation (3) to good
accuracy. t t

I t  r .vas shown theoretical l l '  that mult i layer samples could
be expected to obey a general isat ion of equation (3) (see
'Mult i layer structures' section below). Using two and three
layer structules from several laboratories" i t  was found that
the average strain of samples and their total thickness were
indeed related by equation (3).18 In the present context.
the signif icance of this observation is that the mult i layer
structures were grown bv atomic layer MBE (ALMBE) at
350'C, by MBE at 500 C. and by metalorganic chemic¿il
vapour deposit ion (MOCVD) at 650'C.18 This is di¡ect
evidence that equation ( 3 ) does not represent a kinetic
const¡aint on relaxation towards the equil ibr ium value of
equation ( 1 ).

ln summary. much of the experimental data appear to
demonstrate a square root variat ion (equation (2)) for
large sets of data. and to 1ie acculately on the curve of
equation (3) rvhen small .  careful ly selected sets of data are
analysed. For the former. the relaxation of an individual

( d )
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la¡ 'el  is not entirely'predictable. whereas for the latter i t  is.
These two trends will be reconciled belolv.

D I S C U S S I O N
Ini t ial ly. i t  should be noted that the samples of Ref. 16. lor
lhich equation (3) w¿is f irst demonstrated. came from a
r.rel l  characterised and well  control led grolvth programme.le
The¡' '  were interspersed :rt  intervals among a large number
of quantum well samples -qrown for dernanding device
programmes. iu r.vhich any deviat ion from high clual i ty
growth rr 'as lapidly detected. Routine characterisation also
included Nomarski rnicroscopy and DCXRD and a large
number of samples were analysed by plan view and cross-
sectional TEM. Samples grown r.vhen the MBE reactor was
opelatrng belorv optimum performance were not used for
further studl 'and therelore did not feature in Refs.16 18.
In coutl '¿rst.  larger sets of data. which included" for example,
the entirc output of a MBE machine, inevitabl l  contain
samples glovn'n under less than perfect condit ions. These
data hal 'e thelefore been analysed under the assrrmption
that equatron ( l  )  rvi l l  hold for samples of the highest glowth
quali ty '  onlv. The fol lor 'ving (non-exhaustive) l ist gives
reasons for r i 'hich a sample may deviate from equation (3)
and is replesented by'an open circle in Figs. 2, 3. and ,1:

( i)  i t  is grown to belor.v relaxation cri t ical thickness
/i . ,  ( in regime l)

( i i )  i t  is grown to above work hardening thickness.
- 10/r".  ( in regime II I)

( i i i )  i t  exhibits defective surface morphology ( i .e. other'
than smooth. str iated. or c¡oss-hatched)

(iv) cross-sectional TEM shows an unusually high
density of threading dislocations

(v) plan vierv TEM shows a disordered alral '  of misf i t
dislocations

(vi )  DCXRD locking curves show unusually broad
peaks

(vi i)  there is a seveLe discrepancy'between nominal and
measured thicknesses or composit ions ( indicative
of a suspect grorvth run)

(viii) if the samples grorvn immediately before or after
are defective, the growth run is suspect

(ix) absolute perfection. rvhich car.r be apploached b¡"
Si Ge only'

(x) onl) '  i l  none of the above cl i ter ia apply then a
sample ma¡, be expected to obey equation (3)l  in
this case a sample is represented by a sol id circle
in  F igs .2 .  3 .  and 4 .

Some of these cri teria are to be expected. and some require
further discussion. Some correspond to evident growth
problems. such as three-dimensional growth. cracking ( in
tensi le 1¿rrers). incomplete desorption of the oxide layer on
the sr- lbstr¿rte. etc..  which prevent the two-dimensional
nutr-r le r¡ l  the strained layer from support ing the strain.
Although l \ f  BE" in part icular, seems ¿i conceptual l l"  very
srmple glouth technique, i t  is r.vel l  known that there are
occasious r ihen the MBE rnachine perlorms satisfactori ly
anrl occasions rvhen i t  does not. There is not always a clear
rerson for t l i is and workers must of len repeat their
proceclures r i i th considerable care in the hope that growth
quaüt¡ r i i l l  i rnprove. For this reason there are two cri teria.
(vi i)  : ind tr i i i  ) .  relat ing to the growth run rather than to
the incl ir idual saurple. Criterion ( ix) recognises that crystal
perfect ion rna\ pre\ent relaxation i f  thele is a sulhcient
absence of defects to produce dislocation sources. Spon-
taneous syrnuretr) breaking, such as plast ic relaxation. nra¡ '
be very slorv uhen the original symmetry is close to perfect.
This is supportecl b¡ the expeliments of Higgs er a/. ,20 ir .r
which sudden relaxation of a Si-Ge layer rvas observed on
annealing after evaporation of a submonola¡rer of Cu on
to the surface to break the translat ional symmetry ol
the crvstal.

R
^9o

^\o.\Y
o

30 100 300
Layen Thickness, nm c

a sample  129,  f rom ear l ie r  g rowth  run  ( inc lud ing  samples  128 and
129)  wh ich  gave on ly  samples  tha t  d id  no t  fu l f i l  c r i te r ion  (x ) ,  showing
abnormal i t ies  (see tex t ) ;  b  sample  204,  f rom la te r  g rowth  run
(samples  202-206)wh ich  gave samples  fu l f i l l i ng  c r i te r ion  (x ) ,  showing
normal  o r thogona l  d is loca t ion  ar rays  on ly ;  c  g raph showing
equat ion  (3 )  as  so l id  l ¡ne  -  as  expec ted ,  po¡n ts  fo r  samples  203-
206 (so l id  c i rc les)  a re  c lose  to  curve ,  whereas  po in ts  fo r  samples
128 and 129 (open c i rc les)  fo l low t rend expec ted  fo r  e .g .
th ree-d imens iona l  g rowth ,  shown by  ar rows marked 3D

2 Results from two growth runs in same molecular
beam epitaxy (MBE) machine: scale bars represent
200 nm (TEM)

It is worth noting that, in the light of the criteria for the
attribution of open or solid circles to samples. there is
a scarcity of data in the literature which can be used to
test equation (3). Most authors leport only those data
and results of chalacterisation relevant to their thesis.
Unfortunately most of the l i terature does not give sample
numbers. so i t  is not possible to determine whether the
samples in a set were grown contiguously or in what order.
There is also often l i t t le comment on the quali ty of
intelspersed samples.
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samples  were  grown by  MBE,  meta lo rgan ic  chemica l  vapour
depos¡ t ion ,  a tomic  layer  MBE,  and chemica l  beam ep¡ taxy  -  most
a r e  u n d o p e d ,  b u t  s o m e  O  s a m p l e s  a r e  d o p e d  -  m o s t  a r e  s i n g l e
layers ,  and a  few O samples  are  mul t i layer  s t ruc tu res  (a lso  shown
i n  F i g .  4 )

3 St ra in - th ickness  produc ts  fo r  about  50  InGaAs/GaAs
samples  p lo t ted  to  fo rm f requency  h is togram peak ing
sharply at 0 8 + 0 1 nm: each sample is represented by
.-,  or O according to cri teria given in text

In Fig. 2 some results are shown lrom an MBE growth
programme to shorv the typical behaviour of sol id and
open circle samples. The two open circle samples.
128 and 129. came f lom an early growth run. The plan
vierv TEM image of sample 129 (Fig.2n) shows ¿r normal
arra! '  of misf i t  dislocations. Horvever, i t  ¿rlso shows regiol- ls
of l ighter and dalker contrast. which could be due either'
to composit ional l luctuatious or to interfacial roughness.
Conrposit ional l luctuations ¿rre supported by the obser-
vation that other samples in this grorvth run showed In
droplets. In contrast. the later samples. 203 206. uere quite
normal in every respect and are therefore expected to obey
equat ion  (3  ) .

Taking a much larger set of data. equation (3) is best
tested by plott ing a frequet.rcy graph of the strain thickr.ress
products of the layers. From equation (3). this is expected
to have the value rf t  :0 83 nm. Figure 3 shows results for
approrimately 50 samples. f lom MBE. ALMBE. chemical
beam epitaxy. and MOCVD growth pl 'ogrammes, grown
during good and bad growth runs. Included are single
layels and n.rult i layers, doped samples ¿rnd undoped.
compressive layers and tensi le. I t  can be seen that samples
fulf i l l ing cri terion (x) (sol id circles) are sharply concentrated
in a peak centred on 0 8 nm. rvhereas samples condemned
by cri teria ( i)  ( ix) (open circles) are scattered over ¿r rvide
range of values of ¿ft with no preferred value.

Even ignoring the concept of open and sol id circles. this
f i 'equency plot shows the signif icance of the value of
rf t  :0 8 nm. rvith more than half the s:rmples lying rvithin
¿/ ¡ :0 '8  *  0 '1  nm ( the  mean o f  th is  se t  o f  samples  obey ing
equation (3). ignoring the three outlying sarnples, is 0 80 nm
and the standard deviat ion is 0'08 nm). However. the clear
division of the scatte¡ed sarnples rvhich are represented
by sol id circles and the highly concentrated samples
represented by open circles. ¿rl located according to the
cri teria given above, does confirm the relevance of these
criteria to the predictabi l i ty of plast ic relaxation.

It  may also be possible to identi fy mechanisms whereby
samples can devi¿rte from equation (3 ).  Consider, for
example. the many glowth phenomena which can result in
three-dimensional or islandl ike growth. Among these is
excessive mismatch (e.g. in InGaAsiGaAs. ¿r mismatch
exceeding about 0'017).21 When island l ike grolvth occurs,
the stresses at the isl¿rnd edges are much higher and
relaxation can occur much more readi ly than in a
continuous two-dimensional 1ayer. Therefore init ial ly the

10-r

1 1 0
Normal lsed Thickness,  h /h.

so l id  l ine  represents  expec ted  behav iour ;  in  reg ion  l ,  layers  a re
be low re laxa t ion  c r i t i ca l  th ickness  and are  expec ted  to  have fu l l
m is f i t  s t ra ln ;  in  reg ion  l l  layers  re lax  accord ing  to  equat ion  (3 ) ;  in

reg ion  l l l  work  harden ing  se ts  in  and layers  become capab le  o f

suppor t ing  res idua l  s t ra in  w i thout  smal l  s ize  e f fec ts ;  c rosses
represent  some prev ious ly  pub l i shed da ta  fo r  s ing le  layers  o f  MBE
I n G a A s l 6 (  x )  a n c l  f o r  m u l t i l a y e r s l s  ( + ) ;  c i r c l e s  ( .  )  r e p r e s e n t  d a t a  o f
Maigné e t  a / .22  fo r  A l lnSb layers ;  so l id  and open c ¡ rc les  have been
a l l o c a t e d  a s  d e s c r i b e d  i n  t e x t  a n d  v a l u e  o f  0 8 3 n m  i n  e q u a t i o n  ( 3 )

has  been rep laced by  095nm in  p ropor t ion  to  la t t i ce  cons tan t
o f  I n S b

4 Present  and prev ious  da ta  fo r  normal ised  s t ra in ,  o r

fract ion of misf i t  strain, as function of thicl<ness
normal ised  by  re laxa t ion  c r i t i ca l  th ickness  de f ined by
equat ion  (3 )

strain in the layer is expected to decrease belo'"r '  region I
(see Fig. 4). As gror 'vth continues. the islands coalesce to
lorm a continuous layer' .  but with a high density of misf i t
dislocations alread¡'  formed within each island and also
formed where the islands join. This results in a very high
density of threading dislocations which propag¿rte upwards
as growth continues. Dislocation dislocation interactiorls.
i .e. work hardening. may then prevent relaxation occurri t tg
readi ly so that the layer crosses region II  of Fig., l  and
is eventual ly si tuated above the curve of equation (3)
(see Fig. 2c).

RELAXATION IN OTHER SYSTEMS
As noted above. there are few results in the l i terature which
can be used to veri fy equation (3). There are. however.
some data consistent with equation (3). and many data not
in agreement with i t  but r 'vhich can be understood in terms
of growth quali ty.

A l l n S b
Maigné et u\.22 have recently '  investigated the residual str¿rin
in Al*lnr *Sb layers grown on InSb. The mismatch is
tensi le, and is 0 053,r. In six layers of thickness 100 nm with
r varying from 0'15 to 05 the strain thickness product is
in the range 0 8 1 2 nm (see Fig. 4 ).  One sample (r- :  0 1 5 )
is below cri t ical relaxation thickness. and Maigné et a/.
comment th¿rt the DCXRD [1 15 ] peaks of a furthel sample
(-r:0'61) were very weak. These t"vo snmples are therefbre
represented by open circles in Fig.4. Since strain thickness
products rvould be expected to scale with latt ice constant.
the 0'83 nm in equation ( 1 ) rvould be about 1 nm in InSb
based matel ials. Figure 4 shows that this is in good
agreement with the cl¿rta of Maigné e¡ a/. '2 Thus ¿rl though
they conc|-rde from therr data analysis that the mechanism
of strain rel ief mav be dif ferent frorn that in the InGaAs
system.2r their results may also be taken as evidence that
equat ion  (3 )  i s  genera l l y  t rue  in  the  I I I  V  compound
systems (with the value of 0'83 nm adjusted for latt ice
constant ).

(

l l

i l t
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AlGaAsSb
Lazzari et u1.23 presented results for a large number of
samples ol AlGaAsSb grown on GaSb rvith both tensi le
and compressive strains. Wheleas the tensi le samples have
str¿rins less than those pledicted from equation ( l) .  in
contrast u, i th the tensi le Al lnSb layers mentioned above.
the compressive la)¡ers al 'e scattered cln and above the
curve of equation (3). Insul l icient information is giren to
determine 'nvhethel these samples ma¡, be best represented
by sol id or open circles, but i t  is signif icant that some of
them l ie  on  the  cu lve  o f  equat ion  l3 ) .

l l - V l  c o m p o u n d s

Most of the present d¿rt¿r are from large misf i t  systems. such
as ZnS or ZnTe ,sro$in on GaAs. General ly. layers are
almost ful l l '  r 'elared even at moderate thicknesses belorv the
relaxation cl i t ical thickness of equation ( l) .  Fol example.
Giannini et , : t l .2a report that ZnS layers of thickness
)042 ¡rm grown on GaAs are almost ful ly relaxed, r.vi th
residual strain accour-rted fol bv thermal mismatch

Multilayer structures

Rarel l '  rvould a useful metamorphic structure cor-rsist of a
sin-r le layer only. Usual1y. predict ion of t l .re relaxatior.r ol
graded layers. superlatt ices. and other mult i layer structures
is required and consequently knowledge of the interaction
r ¡ f  d i f le re l l t  s t ra ¡ned l l vers  i s  necessur ) .

THEORY OF MULTILAYER STRUCTURES
Theoretical ly. the analysis of mult i lai ;er structures presents
l i t t le problem. The Matthews theory can be expressed in
terms of the fo¡ce on a threading dislocation segment giren
bf, F: oblr.  This force is compared rvith the l ine tension of
the misl i t  dislocation to f ield the Mattheu's equation.2
Within this theory. the vari¿rtion of o across tl.re thickness
is not important, the main concern is the integrated force
F: lo(h)h d/r.1E During growth" i f  this force reaches the
dislocation tension rvhen integrating from the free surface
dorvn to an1' depth. then misf i t  dislocations wil l  folm at
that depth and the lavers above wil l  be relaxed trccordingly.

The Matthervs theorl,  is an example of a class of r¡odels
of plast ic relax¿rt ion fo¡ r.vhich analysis is part icularly
straightforrvard. These are the n.rodels in which rel¿txation
is due to propert ies of the strained layer onlv. and does
not depend on parameters such as glorvth rate. A qurnti ty
S. rvhich is a function ol state. may therefore be calculated
lbr each l :rver and summed (or integrated) over a complex
structLrre. Ecluation (3) shows that the present model is of
this t¡pe. r i i th S replesenting the strain thickness product
s hich cun be summed or integlated over the structure.r8 It
can br- shrrnn that in al l  these models" relaxation occurs ¿'rt
one plane onl l  anci that this plane can move upwat'ds
(torards the free surl irce) during growth but never dorvn-
nurt ls.rs 

' fhe 
proof is be1'ond the scope of the present

rrork. bLrt the results are srgnif icant since thev ensure the
stabi l i tr  o[ underl¡ ing la-vers which have already lelaxed
lvhen turther larel 's arc gt 'o'"vn ovel them.

Thc n.rodcl t¡ l  the relarat ion of l inearly graded layels
presentecl br Terstr l l r" is consistent with this result.  I t  is
predicted thlt  the larer should relax to zero strain. except
for ¿rn unrelared region at the top. With further growth.
t h e  p a I t s  i r l . / ú f , r . l | i r i r )  t c l l l i r i l l  r l t  / e f o  \ t r r i n .

EXPERI  MENTAL RE LAXATION OF
MULTILAYER STRUCTURES
I t  was shoivn in Fig. I  t l -rat n-rult i la¡ 'er structures do appear
to obey equatior.r (- l) .  \ lan\ authors have reported l i r .rearl l '

graded layels r.vhich behave in agreement rvith the Tersoffr6
mode1. i .e. in accordance rvith equation (3). I t  is pelhaps
more important to highl igl i t  the discrepancies between the
obseri,ed behaviour of mult i layers and the theory. shotving
areas where further experimental work is lequired.

Fol simple layers of a single composit ion. equation (3)
predicts that to achieve zero strain wor-rld reqr-rire inllnite
thickness and the concepts of work hardening ¿ind intr insic
elast ic yield strength explain the deviat ion from equation ( 3 )
at lorv st lains (region II I  of Fig.4). In contrast. the theorl, '
for rnult i layers and graded layers predicts that zert¡ strain
can be achieved in a la¡ 'er at a l lni te thickness. b1'glori ing
¿r more highl¡r strained layer on top. Whether this pledict ion
is val id or not is not yet apparent. Data on double ar.rd
t l iple layel stLucturesl8 shorv that residual strain can
remain in underl-v-ing layers even wher-r the struclure as a
rvhole obeys equation (3). In contrast" sever¿rl authors
report that the relaxed polt ion of a graded la1'el does
indeed relax completely.2r '28 in accordance rvith the
Tersoff26 model ¿rnd rvith equation (3). Further'  ' ,vork is
required to establ ish the condit ions under which residual
strain occurs in layels that should be ¿rt zero strain. and
the effect such residual str¿rin mav have on the rel¿rxatiot-t
of higher layers.

A C C U R A C Y  O F  P R E D I C T I O N
I t  is lvorth commenting on the accuracy rvith r.vhich plast ic
relaxation rnay be predicted and indeed rneasured. In
unrelaxed epitaxial structures, microscopic uniforrnitr  ma¡
be ¿issumed and material chalacterist ics such as l¿ttt ice
parameter may be measured to several signif icant f igures.
A dif ferent approach is required for lelaxed layers because
the randorn and non-uniform nature of plast ic relaxation
requires a stat ist ical approach. The breadth of the DCXRD
locking curve peaks does not correspond to measurement
elror but to a distr ibution of values of latt ice spacing and
ti1t.  Only the average value can be predicted. In addit ion.
i t  is not yet possible to determine u'hether the rvidth of the
distr ibution of sol id data points in Fig.3 represents real
dif ferences betrveen the samples or rvhether i t  merel¡
represents the accuracy rvith i.vhich the DCXRD rocking
curves can be intelpleted.

Conclusions

I t  is concluded that plast ic rel¿rxation is predictable. to the
accuracy of measurement. ¿rt least for I I I-  V grorvth of the
highest qual i ty. The predictabi l i ty of relaxation mav indeed
serve as a measure of grorvth qual i ty in the II I  v ¿ind
II VI systems. Howevet' .  neither equi l ibr ium cor.rsiderations
nor kinetic effects are responsible for the extent of
relaxatiou lather. dislocation mult ipl icat ion mechanistt .rs
and the space required for them to operate account for the
empir ical strain thickness relat ionship.
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