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Epitaxial lауеrs (ерilауеrs) оl solid soiutjons
with а composition gradient оr smoo1h llelerojuTtc-
tlons аrе used extensively iп mоdеrп selniconduc-
tоr electronics to оlэtаiп built-in quвsie]ectric fields
in optoelectronic devices, in the ГаЬriсаtjоп оf
ЬuГfеr rеgiопs between tl)e substrate aTtd the wоrkiпg
iаYеr оГ the heterostructure. Most оГ these пlаlе-
rials аге characterjzed Ьу an appreciable lattice-coll-
Stant gradient, whieh causes tilled disjocatjons
1о fоrm in. the iayer 1 and tilese ciislocations wol,sell
the quality оf the crystai, €.8. . llecatlse of excess
сuгrепtS in the planar p*n junctions.1

Pseudomorphic (c:o}Terent) grоrчth оГ ап epilayeT
,is kIrolTn to occllr jrl 1he initial stages ttnlil st,,пte

criticaI thjckness is rеасhеd. \{hen this 1}lickllr:ss
is exceeded the e]astic stresses relax owi]]f{ 1о

1эlastic deformation and the forrnation оf пrisГit
dislocatiorrs ( NlD ) iп the epiiayer. З , u F.vell whelr
the lattices rlratch idealty ar tbe hеtеrсlЬсuпtlаф.
thеrеГоrе, а dislocation tlensity close to t}te l,alrie
lоr the initial lnaterja1 оГ tlre sullslrale llsl]aliv
can}lot iэе оlэtаirtеd in junctio1-1 lауеrs ц,itir а lirttji:c-
cot,tstant gradient.

Дt tlTe sапlе time, t}re c}tclice оГ tlle r-l1ltiпli,rJ

suilstгate t}rickness пllrkes it ptlssible to tп:rke tnislllltlc:h
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lnverse defect formation duriпg growth of epitaxial lnAsSbP/lnAs
strч ctu rеs
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Кrrslаi}оgrаГrr,а 3З. 2l6,22l (Jаltuirгl,-Fеt,: trarl IQEtl

I'hс ]arvs Е,эrеrrrillg pIastic ciefornlatitltl cltlltrt1,1hc glorvtil tlf'stltele-cгl,sl:ll glaCielrt Iаlегs oГstlitd s(rltttirllts

halc Ьееп sluciied оп the ехаmрlс of t}te IllAs, , , Stl, I',.,/ilrAs slrtlclure. 'I'llc dеgrее tlf'1rlastIc defclгrtratitlll tlf

Lhe cri,stals ц,аs evaluated bl,counting. citsitlcation ctclr pits, T'lle sarnp)es ц,еrе betlt ciultttg g,гоч,th,'l-hе

com1rt slticln crf the solid solution was varied snrootlt]r,in lhс dirесtlоп оГГrlпl grorrth and 1he ]atitce сопStапl

incTeased tоlчаrrj thс suгfасе ol'the lауеr, \\lith dесгеаsiпg thrcklless ог the substrate lhe сur\,аturе ог thе

struсluге and the dislocation density in the substrate ilrcreased, The dislocatlon densitv in the epitaxlal )аl,еr

was ргасliсаll}, indepencient of thе local thlckness ol'the suЬstгаlе. Тhе results оf this studr, аrе expiained оп

the basis of tire пlоdеl rlГа crvstal with а гadialli,symlrletгic viгlча! lattlce,

'Гr,апs]а,lес] ily J. Е. S. i}radle5l

t-ijsicrcations fоrm mainly in the sut]strate,' i.€.,
1he рагt оГ 1he Structure that jS no1 uSuaIIy the
active region оf the semiconductor device.

'l'he ailn оГ this work is {q stud} the larvs
governing 1ire plastic dеГоrmаtiоп оf а heterostrueture,
occtlTring tiuring the growth оГ gradient lауеrs
о)l sut}strates of various thicklresses, on the example
сэп tbe 1lrAsSbP/ lnAs structure.

'J'he sarrrilles wel,e grоrчr! 1эу Iiquid-phase
eJlitaxy in an rэреп apparatus rvith fоrсеd сооUпg
оf а so]ution iгi rr Inelt at 700-750оС, 'Ihe suЬstrаtяэs
u,еrе lr-tvpe InAs (111) waiers, oriented Ьу the
пlеthсlri of RеГ. 9, with а саrriеr density of (3-5),
10r€ спl-З allcl а dislocation density сlГ the order
,,Г ](]' cnr-2. д пuпiЬег сlГ srrbstrates were рrераrеd
as rvecige-sllaped wafers, whose irloperative surface
ftrTtltetl an arrgle of' r,2O, ancl the thjckrless of
1he rvedge varjed ъ,ittrin the linrits 80-500 ptn.
t,itheг tbe A-sicie оr B-side о1' ап lnAs lчаfеr served
as Ihc, wоrkiпg sirle оГ tile rvedge-shilpell substI,ates.

(Jll the llasjs оl х-rау dala tlre coпrposition
,,Г 1ite soliti s,r]trtion in ]rlДs,_1-1,Sb,.})u epitaxial
Гi]trts rvtrs чllriсrl stlloothly ilr tlle -gгortth cliгectjoll
r i;ig. 1) . ]\']easttrelrlellts Ьу 1he rrletl,tod clescгibed
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'I'}te "irlverse" cjistrillution of misГit disIocations
in 1,he heteroslгuctures studied сап also Ье described
tlualitatil,elv ц,ithin the frашеrt,оrk of the model
.:,f а 

"olnpleiei}, 
."rur.,' state сlГ а system lvith

а gradient epilayer.
irclr 1}ris })urpoSe \{е (,(,llSi(ier 1he distinctive

гелl uI,еs сlГ tile crystal ]attice с,Г а solid solution
with а cclnrposition grасliепt, Tcl cjcl so wе used
the lrlclc]el ог п.г. iъ, irl rvhich the iinear size
сr| the virtual unit се1] irlcreases continuously frоm
the centet, ог t:urvatttre in accoгdance ivith the
variation оl 1ire laltice conStan1 (Fig, 4а), А
real cryslal пlау contain dislocatjons tha1 distort
it" 

"r,uirп'о,17 
bnd irr the c:ase of а gradient crystal

,ii=1o"uii.r.,, can еithег irlсгеаsе rlr c]ecrease, depend-
;rlg ,rп thejr S,ign. The secontl variant is оf practi-
cai irlterest siпъе epilaxial layel,s оf the soiid solu-
tjons аrе grolvn on initialiv p}anar_orientetion Sub-

='"ut".. ite consic]er а сrчstа'I rvith а "radial"
unit cett (Fig. 4а), in lr,hicir 1he planes uпdеrgо
addjtiona} benCing rrpoll the inlroduction оf edge
dislocatjons rr'jth the sigr-r opposite to the сurчаturе
oi-tr,. unit ce]l (Fig. 4а), The crystal will Ье

"-.=u,n"O 
to Ье in tйе frее state ( с = 0); for sim-

;i;iy we confine ourselves to the сеsе when the
bislocations аrе distributed чпifоrmiу in the ýampie

unJ it. liпевr size is much Smaller than the rаdiчБ
оf сuгчаturе.

'Ihе рrеsепсе ог clislocatiolrs саuБеБ а сhапgе
itr the пuйь"" of atomic рlапеs along the rаdiuБ
,,"aio", dn = -NRoclR, where о is the angle deline-
ating ihe crystal ,*N is the dislocвl,ion densiLy,
апсtЪ is the- raclius оf r:uгчаturе оГ the bent рlвпеs,
Nlогеочеr,

ГТG. З. РhоtопiсrоgrарhЕ of the re8ion пеаr дп

]nASSbP/lnAS hеtегоЬошdаrу, Tevealed bl, the

"oblique bection" mеLhоd: а) cathodolrлi-
пеsсепсе photomicrograph, Ь) sесоrrdагч-еlесlrоп

рhоiопiстоgrарil, Tlte аrrоU PojnEs to t}ie epilaver

-Л,')

F1(;. л. Vjrtua] trnit се1] of а gradjent сrчStа] (а] alld l'l)Ё

;nldti of а гlaSticaliч rе]а)iеd cTvStal чjL}) gгаd а " (]

i;. ) ;l ) (Ь) ыd of tie heteTostruclure (с): l ] defomed

SuiJSt:ale. 2) epi}aver ыhеп i] = F",

cathtldoluminescence reginle (а) and in tlle secrэltdary-

"i""r"on 
rефmе (iэ), The clisjocation dellsitv itr

the layer [i,ounct (b]ack) etch pitsl is seen tcl

Б"- to*"r, tiran iп the substrale (triangular pits ),

Tb"-i"Jlui,rua] dark litres in Fig, За аrе usua]ly
Ir;k"; i" nonradiative recombination on impurity

"tЙо"рЬ""i,, 
dislocBtions, iying раrаi]еl to the hetero-

;;;;;*"i,, i.e., misГit dislocations (NlD), Figtlre
i-ir-,orr'tъat the ПtD lines end рriпlаrilу at disloca-
iiй etcb pitБ, i.e, , at places where tiiled disloca-
tion. "r""ge. 

The-relation between mjsГit and

t]ituc ai"lobations is ап important feature of gradient
i;r;;., i- *rl.i"i, Bllows se]ective etching to Ье used
to'evai,.rate the degree ог relaxation оf 1he stresses
ai J piust;c dеfоrпlаtiоп оf the ерilауеr,'-7

The above-cieseribed t'inversion" оГ defeet

fоrпlаtiоп, i,€,, в process in which rnisfit disloca-
tions аrе fоrmеd mainly in the substrate and no1

ii rr,," epilayeT, has bbeTr otlserved experiпentally
;; ";;-'"]i-;ibmaieh" StructuI,es, ' i,е, , structrtres in
ц,hiсh the eritical stresses for пrisfit-dislocation
го",пutiоп аrе rеасhесl for cotTparatэ}e thicknesses of

the ]ачеr (t) and the stlbstrate (с), ]Tr otlr case

t - с, but the hеtеrоslruсturеs possess the same

p"op*iu as did the sanlples in Rеf , 8: the dislcl-
i^tiЪп d"nrlty is lоwеr in t}Te lауеr 1harr in thc;

SubStIate.
The clata obtainecl сап tle explailred 1lу the

fact tirat at the grorvtl-r ten)perature оl the sctiic]

sbirrtion IlrAsSbP is less plastic than 1s lnAs, ',Гhis

n*5. ь" due to the hardening action,oГ isova]ent
iiirnpurities't with а different tetr"ahedral radius
than As atoms have (in the фчеп case sb atoln',slu

опJ р аtопls), The reduced plasticity iIlhibjts
iire fогmаtiоп ог misfit dis'locations jtl the inAssbp
ерi}ауеr atrcl is tlre rеаsоп rthy thеrе is по htg}t

tils}ocation density in the epilayeT, rthicl-t ассогdiпg
to calcu]alion 1 is 10 6 -107 ctn-2,

12a Sоr,.Ftlуs,Сгуstаllоgr,З3(1),Jаrl,-FеЬ, 1988
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rvhere n, and I12 аrе the пumЬеrs of atomic рlапеБ
tr,u1 "r""g" 

о,,, ih" concave and convex surfaces,
respectively, оГ the сгystаl and R, and R, аrе
1hе'rас]ii oi th" со}lсаýе and convex surfaces,
respectively.

Taking into account tile fact that the lat_tice

conStan1 varies linearl1, rTjth the ccloгdit-tale, з2 =

i, + grad Б(Rz - R,l, as rtell as the t'act 1hat

l,,u, -ti,tt, lt. li1

--;;,;,- -: .-л, -

rTe obtajned

lr,u,
"' ii,

л _ l' 
g"d 

'_1 
2/]r_) _ _, \ l о"-\ n, \//,=7i,l ]t,-]t.'t

\\е cirn assllme that Б, , i" = i and R1 :
l? - = R ill rса l Sl гuCl rl t,o- itlcI , 

-t }rеrеfоrе, f оr
ilie tjistocaric,rl derlsity 1rl а gT,aclient crySlal we

ilave
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IАВLГ I. OorTposi'_ions cf Etchants for Relealing I)'Slofations
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constant (J) очег the ttrickness of
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1:] vol. fraction

ition (х, ч) aIld the ]atLicc
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гlG. 2. strucLural chaгacLerj.SLics of Tedge-shaped A-Stnlcture

1q. d\ шd }i-structure (а, Ь). The black sиrbo]S denote dala

for lпДS апd t}re white ones. for Lhe epilaver; 1-б corr,]Sгond

to Lhe пшьегs of tje etchant-s used tc rечеа1 ti]e dis]ocations
iп ТаЬlе 1l 7 is the dis]ocation densitl,in Lhe initial ]rйS наfеrS,

iп Ref . 10 showeci that the lattice c()llStant i1,1creaset]

"]irtualtv 
lilTearly to\varci t}re surГасе с,{ the 'lavel,

i;;;? =-"on=t). The lattice-cot-lstant graritent

in- trr" A-sample \ýaS Smаllеr Ьч а fасtоr ()г 2 thall

in the B-structure (2,3,10-s and 4,.7,10-8, геsl)ес:t-
j""i"l l tIle latrice nljSmatch q1 th€ }lеtочrrlЬоtlпrlагy

;;';; ='Ъ.оl4 1t (д) ancl да = 0,u07 д(В),

The sarnples wel,e cju]"ved antl tlre e])ilayt.r,S

hircl а specu]aг surface ancl wеrе OI) t}re (]Ollv"x

sicle оf t}re stTtlctures . The raciirrs 9f gцl,уlлt ttre

с]ереп<iесi oIl the layer/suklstr,ate t}t,(,IпеБý l,atio

125 Sov. Phys, СrYslаllовr. З3(1 }, Jап.-FеЬ. 'l 988

an(1 1he lattice-constant clisl-rjlэulit,rn iп the lnAsSlэP.
ln Fig. 2а, Ь we give the data thal characterize
t}Te local thickness (t) оf the elliiaver (EL) and
rrl 1he sut;strate (с) arld the radius ог curvature
(R) in Wedge-Shaped А- anc1 B-strr.lctures, The
z axis was ilil,ected along the surface clf the wedge
Гrotrl the арех сlГ its angle; N is the density оГ

tilled dis]ocations.
]n some с,f 1he experiments ъ,е etchad оff

1he epil,axial films: at 1he epitaxial-clepositjon
tеmреrаturе Ьу fusing 1he In-As-Sb-P after its
grоwth оr at rооm tеmреrаturе Ьу using а ýе]ес-
iive etchant. In both cases the сurчаturе of the
substrates persistecl агtеr 1he films were etcheci
а\ryау. The ep,ilayers гenrajned Ьеп1 rvhen the
slrbstrates Wеrе elche(1 аwач.

'Ihе densitv оf ti]tec1 ciis]c,catjorls and the
tlegree ,t_lf plastic с]еfоrпlглliсlп itl ]n.AsSbP ancl lt,tAs
rvere eva]uatecj frоm 1}re elch pjts OI] the А- and
}]-surfaces c,f' the sam}r}es, Table l shows tlre
c:c_inrpositions clf 1he etctlanlS used апti the tl,pe
ог strrfaces oll which etch pits al,e reliatrly гevealed,

Frorn Fig.2c. ci we See tllat t}re Sul]Strate
t}lickrtess a]rd сurчаturе inc]reased in 'tэоth types
о[ structure and, ttепr:е, so did the local dislocatjon
c]ensitv iп the lnAs sutэstrate, At the Same time,
tlre ciiilocation derlsity iп tire epilaye], virtually
c]icl not change along the SurГас,е and rl,as lоwеr
than in the йьstrаtе. Ttre ехреriпlепts also showed
that tlre dislocation density in both lhe substrate
and the epilayer variecl tjttle with depth but changed
discontinuously at the hеtеrоЬсruпdаrу,

DISCUSSlON ОF EXPERIIIIENTAL RESULTS
Let us соmраrе the ехреrimепtа1 results in

Fig, 2а, Ь with 1he radius оf curvature оГ an
elastically stressed systenr,l] which had the same
parameters as the helerostructur"e that we studied
(i.e., the same thickness and the same values
of а and grad Б). The experimental values of
1he radius Il are stnalleгthan the caiculated value
оГ г Ьу а fасlоr сlГ 5-10. which ir: i1,1dicative оf
lэlastic rejaxatiorl оf stresses iп the heterostructure,
bainly in ttre Subst},ale. The plastic nature оf
the substrate bending is also indicated iэу the 

_

fact ttrat the riisiocation c]ensjtv in 1he ]nAs wafers
increases itt crэtlrpaT,ison wjth the injtiaI value (F'lg,
2сl . с1 ) ancl ttrat the curvalltrc, оГ the SubstrateS
регsists when the epilayers are etchecl away,1: aS

ivell Ьу x-r,a1, сliГfrас:tiоп п)еаSuгепiепtS on bent
1nu\sSllP/IlrAs i-reterostrtlctures. 1 э

дt 1.he sante tjme. the dislocation density
riata jn Fig. 2 slroи that the dеgгее of plastic
cief'ormatjoil оf the epjlayers is srlrall. As an il-
lttstraticrll Fig. 3 shclrvs ]lhotogгaplls оГ the 1ауеr*
Slrl)Stгalc interface 1аkеп ol-t at-t "cr}_lliqut: section"
cэf rr В -sапr1llе irl atr еlесlrоп rпiсr,rэsсо1-1с: itT the
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1: 11 
( 1 )

1s R � "' re)ation ( 1) tнkes оп the for111 of' t!1e
leµeлdence of the dislocatioп <leпsity от1 the lattice
·onstant gradie11t in а plaпar relaxed heterostruc-
11гe 1 a11d \Vhen grad а = О it coinci<ies with tr1e
,elJ known Nye formu!a for а pJasticaJJy deformed 
�гystal 1 6 ( the minus sigп deпotes that the crysta!
'\1ГVature, due (О lhe ехtга ha]f-p]anes stюwn
n Fig. 4Ь, chнnges sigп wlien p.:rac! н = О). Maki11g
tlJowaпce for other twes of dislocations tlшt шаkе
heiг contribution to the total curvature of the 
,гysta! 1 6 • 1 7 co111p]icates ге!аtiоп ( 1) Ь111 does поt
,haпge the tendency iп tl1e dependence of N ол
к.. Ап impoгtaпt coпsequence of tl1e expressio11
Jblained for N is that when the conditioп R1 =
з./ grad а is satisfied. the gradient crysta] does
not have any misfit dislocations (in this case N
J and Е = О).

The model гepresentations oЫainecl here are 
consistent with the conclusions of the lineaг theory
of the deformation of epitaxia] structures, containing
films •Nith а varying lattice constant. Th11s. upon
setting the s11bstrate thickness eq11a] to zего in 
the fornшla for the radiнs of c1Jrvature of t!1e 
str1-1crure, 1 8 we оЫаiп fог tr1e raclius of the fгее
Jr,yer the valt1e that is obtainect Ьу sul1stitн1iпg
1': = О iп foгrщ1JR. ( 1). Tl1e tiata iп П[�. 2 at·e
iп qllalitative agreerпeпt with tl1is cn11clнsior1. For 
а lауег where gгact а .,. О, tl1e dislocatioп <JPпsity
sl1oнld Ье lo\veг t.haп iп tl1e substrate, which is
also coпsisteпt witl1 the data froш rпet.1.llogt>aphic
aпalysis of the sarпples.

Jп conclusioп, we poiпt out tl1at tl1e аlю\7е
Jaws governiпg the growth of gradieпt layers апd
the "inve1·sio11" of defect formation was also oh
servecJ iп our studies of other systems [ GaAsSIJP /
GaAs (Ref. 19) апd lпGaAsSЬ/GaSb] aпri optimiza
tjoл c,f the procef:s of growiпg low-дislocalioп
Jn.AsSbP / ]nAs p-n structures made it possible
to oЬtain effective soнrces of radiatioll iп the midдle
J R regioп of the spectгum, which Rre appropriate
for practical applicatio11 iп a1Jsorp1.ioп gas a11alyzers? 0 

То sшn нр, ct11ri11g the expeгimeпt \Ve detected
the pheпomenon of iпverse defect formatioп, wl1icl1
consists iп substaпtia] plastic defopmatioп of the 
substrate wl1i]e at the sarne time а gгadient epitaxiнl
layer grows with а more perfect crystal stг11cture
thaп that of tl1e substrate. As а resu!t we have
deпюnstpated that JпAsSbP can Ье oЫained \Vith
а lower deпsity of ti]tecl dislocatioпs than the values
puЫishe<i for the giveп material.

lп 011г stнdy v-.•e have oЫained indiгect r1ata 
that suppopt the assumption that the пatural form
of а gradieпt cr·ysta] is а spherical l:'lyer wit\1
а c1-1rvat11re t\1at tiepends оп the lattice-cc,пstaпt
g1·adie11t.
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,�е thaпk S. G. Коппikо\- апd \'. Е. Umanskij
for providiпg нs witl1 data from x-ray spectral
втJ x-1'RY str11ctural aпalyses пf tl1e saшples,
V. J. PetroY апd А. V. Shabalin fог measнring
the microcatlюdo]щ11inesce11ce, апd L. А. l\1atveev
fог clisc11ssi11g tl1e res11Jts.
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