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Strain relaxation behavior of In ,Ga;_,As quantum wells on vicinal GaAs
(111) B substrates

M. Gutiérrez, D. Gonzalez,” G. Aragon, and R. Garcia )
Departamento de Ciencia de los Materiales e Ingeaidvietalugica y Qumica Inorganica,
Universidad de Cdiz, Apando 40, Puerto Real, 11510dia Spain

M. Hopkinson®
Department of Electronic and Electrical Engineering, University of Sheffield,
Sheffield S1 3JD, United Kingdom

J. J. Sanchez® and I. Izpura_ ]
Departamento de IngenieriElectranica, ETSI Telecomunicaaip Universidad Politenica de Madrid,
Ciudad Universitaria, 28040 Madrid, Spain

(Received 25 June 2001; accepted for publication 20 Decembep 2001

A number of reports have suggested that InGaAs/GaAs @ Istjained layer epitaxy has the
prospect of reaching a higher critical layer thickness than that which can be achiev@®Ipr
substrates. This has motivated a study of the relaxation mechanism of InGaAs/GaA8 (111)
quantum wells with high In conteif®.12<x<0.35). Transmission electron microscopy has revealed
the existence of a different misfit dislocatigMD) configuration for high In content&«>0.25),

which, we believe, has not been reported until now. For such compositions, plastic relaxation takes
place through a polygonal network of MDs, which have Burgers vectors in the interface plane. The
origin of this network is an unusual dislocation source that occurs through the formation of a
three-pointed star-shaped configuration. The characteristics of this misfit dislocation network, which
has a higher misfit relieving component and a glide plane coincident with the interface plane, imply
a reduction of the previous critical layer thickness estimates for high In content InGaAs/GaAs
(111)B heterostructures. However, we observe that none of the BL&adjnples shows evidence of

a transition to a three-dimensional growth mode, which represents a significant advantage compared
to the behavior of high In content quantum wells @01) substrates. ©€2002 American Institute

of Physics. [DOI: 10.1063/1.1455691

There is considerable interest in the InGaAs/GaAs sysby-layer growth mode, to access important wavelength
tem due to its potential to cover the wavelength region beranges at, or greater than 1Lun. In addition, InGa, _,As
tween AlGaAs/GaAs and InGaAsP/InP systems. InGaAQWSs in(111) orientation offer a number of interesting prop-
quantum well(QW) devices have already been successfullyerties for potential optoelectronic devices, such as a strain-
developed as pump lasers for rare earth-doped optical fibéhduced piezoelectric field and an increased optical matrix
amplifiers (0.98—1.02um). However, to obtain technologi- element that arises from a heavier hole ntaEke possibility
cally important longer wavelengths like those required into externally modulate the piezoelectric field opens up oppor-
next generation wavelength multiplexing systems higher Irfunities for enhanced devices such as optical modulators or
contents are required. The critical layer thicknégkT) for ~ tunable laser§. Optical bistability has been also shown in
strain relaxation in InGaAs/GaAs for usu@iol) orientation  these structurésand recently high efficiency InGaAs/GaAs
is rapidly exceeded for QW emission wavelengths greatef111)B lasers operating up to a wavelength of 128 have
than 1um. In this case, the limiting In contenx) is around ~ &/S0 been reporte‘ij.. . o
0.23-0.25, due to the growth mode evolving towards. If strain relaxation close to th@01) orientation is rela- _
Stranski—Krastano(SK) type. To overcome these problems, tively well'understood, th_e same cannot necessanly b.e. said
a number of reports have suggested that InGaAs/GaAgf aIte_rnatlve substratg orlentatlons..At pre_sent, no S|gn|f|c§1nt
(111)B strained layer epitaxy may be able to reach a higheFXpe”memal work exists on the dislocation characteristics

CLT than that which can be achieved f@®01) substrates:? and the CLT of misfit. dislocationéMDs)' in' high In content
In addition, it is both theoretically predicted and experimen—(llj) structures. In this letter, a transmission electron micros-

. . . copy (TEM) study has revealed the existence of a special
tally demonstrated that no equivalent SK mode exists lr‘ngCf)nﬁngationyfor high In content&>0.25, which hgs
(111) orientation>* The higher CLT would allow an increase o

in the In content of strained QWs, thereby retaining layer not, we believe, been reported until now. The characteristics
’ y 9 1Y€ this MD network imply a reduction of the previous CLT

estimates for high In content InGaAs/GaAs (1B1jetero-
“Electronic mail: david.gonzalez@uca.es structures. The resulting revised CLT has implications for the
Ypresent address: Marconi Optical Components, Caswell, Towcester NNlﬁwaximum reachable Wavelength that can be achieved for

8EQ, UK. . .
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dex, France. InGaAs/GaAs strained QWs were grown by molecular
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FIG. 1. PVTEM image of an lkiGay ¢AS/GaAs (111B single QW. A FIG. 2. PVTEM image of an kGa /As/GaAs(111B single QW. A three-
polygonal array(type 1) with lines parallel to thg110) and (112 direc- pointed star MD with its arms parallel to t{&@12) directions is shown.
tions is shown.
type lla in the following(see Fig. 2 A PVTEM analysis has
revealed that the MDs become invisible when observed with
the 224 reflection contained in th&11] pole. This fact al-
lows us to deduce that the Burgers vector is of @10

pe and lies within the growth plane. Fo+=0.30, this con-

beam epitaxy(MBE) on (111B substrates misoriented 2°
towards the[211] direction. Suitable conditions exist for
high quality growth in this orientatiotf. The growth condi-

tions for the QWs were chosen to obtain a specular surfac . . :
Q b iguration was stable and its arms did not extend along the

morphology and to achieve InGaAs growth without signifi- . .
P ay g 9 interface. However, as the In content was increased, two

cant In desorption. The quantum well heterostructures COnr'nodifications were observed: First, new structures formed b
sisted of 10 nm IgGa _,As QWs in the center of a 0.2m : ’ y

intrinsic GaAs layer. The intrinsic layer had Qun p* and several closely separated star dislocations appear. Second,

n* GaAs layers above and below it, respectively, with thethe star bra@hes_ben_d at right a_ngles_, following lines paral-
lel to the (110) directions contained in the growth plane

whole structure comprising p—i—n diode on am™ GaAs . X .
substrate. The In contenx) of the quantum wells was var- (YPe 11b). The interaction between MDs witf110) and

ied between 0.10 and 0.35. The TEM observations were pef-112 directions generates the dense polygonal network ob-
formed in a JEOL 1200EX transmission electron micro-Served for In contents higher thar=0.30 (see Fig. 1

scope. Planar viewPV) TEM specimens were prepared for The change in Burgers vector for high In contents pre-
the dislocation analyses. However, several cross sectionfNtS an important consequence: the misfit-relieving compo-
samples were also prepared, which showed in all cases tf€Ntby, is much large(see Table)l That is to say, InGaAs/

presence of coherent QWs with no evidence of an equivaler@aAS (111B heterostructures with high lattice misfits are
SK growth mode like that which occurs {802 relaxed by forming a type Il MD network which has a larger

For In content,x, less than 0.25, any MDs were de- plastic relaxation contribution compared to the type | array
scribed in the form of a triangular array with dislocation "ePOrted at low In content. Previous CLT models applied to
lines lying parallel to thg110) directions contained in the the (111) growth direction have taken into account only the

growth plane. Agb analysis of these dislocations showed YP€ | network. For this network, the models predict an in-
that they were of the 60° mixed type with Burgers vectorscreased CLT with respect to the01) growth direction due

that lie outside of the growth plane. This MD array, which ©© & smaller misfit-relieving component for the type I con-
we will call type I in the following discussion, has been figuration. In contrast, the type Il MD configuration imposes

described thoroughly in the literatdré and has been exclu- significant_modificatiqn of this prediction. Here we use An-
sively used in previous CLT models of (1B substrated2 an’'s equatiorf,neglecting the surface energy term, which can

However, these studies did not include In compositionsthen be written as
higher than about 0.20. For In compositions higher than 0.25,

: : : : : : : TABLE |. Misfit relieving componentb,, (the projection ob onto a line in
a different MD gonﬂguranog appears with dislocation IIneSthe interface at right angles to the misfit dislocajjodislocation line and

following the (110) and(112) directions(see Fig. 1L This  characteristic angleg, of the different MDs observed in InGaAs/GaAs
configuration(type 1) shows important differences in both (111)B epilayers. The type | array is predominant for0.2 and the type I

its formation and its character in comparison to the type [ x>0-25
case. . MD configuration Misfit relieving 0
A study of the structures witk=0.30 has allowed us to type component Dislocation line  (deg
determine the mechanism of formation of this polygonal net- | 112b (110) 60
. . . . vV
work. This sample showed a MD configuration in the form la 1/2b (112 30

of a three-pointed star with its arms parallel to #fl2) b 31/12b (110) 60

directions and contained in the growth plane. This is called
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07 - N progress to understand the nucleation and evolution of type
354 AN —(001) Il MDs in high In content InGaAs/GaAs (11B)structures.
1 \ \ — — -type | (111) In summary, a study of the relaxation mechanism for
- ' === type ll (111 .
% A N . s’;pnfpléswit)hom MD In,Ga;_As/GaAs(111B QWs shows a change in the MD
25 M @® samples with MD type with an increase in In content. For high In contents

(x>0.30, plastic relaxation takes place through a polygonal
MD network, which has its Burgers vector in the interface
plane. This network originates through the formation of a
three-pointed star-shaped dislocation and operates as a new
MD nucleation mechanism. The higher misfit-relieving com-
ponent of the new network implies a lower CLT for plastic
S R — relaxation compared to that previously expected. The CLT
005 010 015 020 025 030 035 040 045 we have determined for high In content InGaAs epilayers
In content, x grown on (111B is similar to that predicted for the CLT of
FIG. 3. CLT vs In content for the different MD configurations observed in InGaAs epilayers or001). However a significant advantage
InGaAs epilayers using Anan’s expression. The type Il MDs show a remarkOf the (111) orientation is the absence of a 3D growth mode,
able CLT reduction compared with the type I, with the value becoming closeyhich allows InGa _,As quantum wells ofx=0.3, or
to that for (001 substrates. higher, to retain a layer-by-layer growth mode.

20

QW thickness, h, nm
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