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Buried dislocation networks designed to organize the growth
of 111-V semiconductor nanostructures
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We first report a detailed transmission electron microscopy study of dislocation net@iyks formed at
shallowly buried interfaces obtained by bonding two GaAs crystals between which we establish in a controlled
manner a twist and a tilt around @10 direction. For large enough twists, the DN consists of a two-
dimensional network of screw dislocations accommodating mainly the twist and of a one-dimensional network
of mixed dislocations accommodating mainly the tilt. We show that in addition the mixed dislocations accom-
modate part of the twist and we observe and explain slight unexpected disorientations of the screw dislocations
with respect to thg110) directions. By performing a quantitative analysis of the whole DN, we propose a
coherent interpretation of these observations which also provides data inaccessible by direct experiments.
When the twist is small enough, one screw subnetwork vanishes. The surface strain field induced by such DNs
has been used to pilot the lateral ordering of GaAs and InGaAs nanostructures during metal-organic vapor
phase epitaxy. We prove that the dimensions and orientations of the nanostructures are correlated with those of
the cells of the underlying DN and explain how the interface dislocation structure governs the formation of the

nanostructures.
DOI: 10.1103/PhysRevB.70.155329 PACS nuni®er61.72.Lk, 61.72.Mm, 68.37.Lp, 68.65k
[. INTRODUCTION mediated by an underlying DN has been reported for nfetals

and for germanium on silic8rbut not for 11-V materials.
Controlling the spontaneous periodic ordering of nano- We recently reported a major step toward the control of
structures could open the way to the realization of numeroug|-v QDs grown on GaAs by using this technique, namely,
new devices. Indeed, if ordering with adjustable periods anghe lateral organization of specific GaAs and InGaAs nano-
orientations were achieved, it might become possible to constructures(to be recalled belop’® Here we first present a
trol the size, shape, density, and spatial distribution of thejetailed transmission electron microscofEM) study of
nanostructures. The use of such a technique would, for inour DNs performed before growing the nanostructures and a
stance, permit one to increase the density of InGaAs quamjuantitative interpretation of their structure. Then, using ad-
tum dots(QDs) grown by metal-organic vapor phase epitaxy ditional observations of the DNs and of the ordering of the
(MOVPE) on a GaAs substrate, in order to enhance thehanostructures, we demonstrate and explain their correlations
modal gain of their optical fundamental transition and then taith the underlying DN.
obtain a laser operating at the 1uB1 wavelength. The tech-
nigue could also be applied to new devices, such as single
photon sources for quantum cryptography based on isolated |, ForRMATION OF THE DISLOCATION NETWORKS
QDs. However, although spontaneous formation of IlI-V BY CRYSTAL BONDING
QDs was obtained long addhe tailoring of their geometric
properties has remained an elusive task. To put it briefly, the DNs form in particular at the planar interface between
aim is to go from “self-assembling” to “self-organization” two identical but differently oriented crystals, which is a type
(controlled organization of grain boundary(GB). In the present work, we consider
A promising way to order nanostructures is to use theslightly disoriented IlI-V crystals having the same lattice pa-
strain field induced at the surface of a specimen by a perioditametera, with interfaces close to €01) plane. In IlI-V
dislocation network(DN) shallowly buried and parallel to materials, the dislocations have Burgers vectorsf the
the surface, which has been predictei elasticity calcula-  (a/2) (110 type. The two disorientations that may happen
tions) to generate preferential nucleation sites for 38y  are a twist(i.e., a rotation around an axis orthogonal to the
choosing appropriate DN periodicities, it should be possiblénterfacg and a tilt(i.e., a rotation around an axis lying in the
to order laterally QDs having identical shapes and sizesnterfacg; the latter occurs when at least one of the two
Such a subsurface DN can be obtained by wafer bonding, bonded surfaces is vicinal. Taken independently, the twist
technique that has the advantage of not leading to the formamay be accommodated by a square two-dimensi¢g2B)
tion of any threading dislocation which could affect the op-network of screw dislocations. On the other hand, tilt accom-
tical properties of the subsequently grown layesMore-  modation requires Burgers vectors with components normal
over, the efficient charge carrier confinement in the QDgo the GB!! From results previously obtained for Si/@&ef.
should strongly reduce their optical sensitivity to the pres-12) and GaAs/InP bondingwe may expect these to be pro-
ence of defects, and in particular to the dislocations of avided by a one-dimensionglD) network of mixed disloca-
shallowly buried DN/ So far, lateral organization of QDs tions oriented along the tilt axighe line orthogonal to the
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TABLE |. Moduli of the Burgers vector components of ideal screw and 60° mixed dislocations.

Dislocation network  Screw component Edge component in GB Edge component normal to GB

Screw a\JE/ 2 0 0
60° mixed aV2/4 av2/4 al2

maximum slope of the interfage~or both kinds of ideal GB, them a small additional twista few degrees at mostTo

the dislocation periodicity is make observations easier, the study is carried out before the
Lt growth of the nanostructurgsee Sec. 1Y, which does not
D =3|b’|/sin(6/2), (1) modify the DNs. We use mainly plan-view TEM images of

thin specimens containing overlapping portions of the
bonded crystals; this is the choice technique for imaging
large areas of complex dislocation networks, since it allows
the interface to occupy the whole image fidldhereas it
projects as a line in cross-sectional images

We might expect the interfacial DNs to be a simple super-
position of the two ideal networks of screw and mixed dis-

The first crystal to be bonded is a standard GaAs ,.host,locatlons described above. Indeed, as a first approximation,

substrate. The second crystal is a GaAs substrate on whidke find that the interfacial GBs of our composite substrates
we first drow an AlGaAs layer to be used as an etCh_Stoﬁystematically contain a 1D network of mixed dislocations
layer during subsequent chemical selective etching, followe nd what appears to pe a.2D r?etw‘“k Of. SCIfeW. dlslchtlons
by a 20 nm thick GaAs layer to be transposed on the ho or the moment, we retain .thIS dgnommatlon, deyla_ltlons
substrate. After cleaning and deoxidizing, the mirrorlike sur- rom purte tsc(;ew (lzzharalcterr\]/yllL behd'scu:;ed_rté?\}lozh'sk'? Id

faces of the two samples are put in contact under mechanichml(()T)S rate Im 9. 1, whic sfo;/r\]/s GI(B) tak ar’tr; '§N

pressurgbetween 10 and 100 kg/ & at room temperature weak-béam piane-view images ot the , taken wi 0

and with controlled disorientations. The tilt is established byperpend!;:huIarchZCJ)-éypetdlffrsctllcon.vegtggsi’;lllov;/.lng us (th
using commercial wafers having a vicinality controlled to image either the nNetwork of mixed disiocations and one

within £0.1°. To obtain a twist between the two bonded subLf the components of the 2D network of screw dislocations

- - ; Fig. 1(a)], or the second component of the screw network
strates, we first cut with a saw square pieces of a wafer to_. . e
obtain sides having the desired disorientation with respect tt':'g.' 1(0)]. These DNs are schemaﬂzed in Fig. 2. Note that
the (110 cleavage directions. We then put in contact a sawrn Fig. 1(a), the screw dislocations are more contrasted than
square and a square simply cleaved along (i) direc- i
tions to which it will be bonded. We align their sides by
propping them against a wedge so that the desired twist is
imposed. This method allows twist control to within +0.1°.
The two samples are then annealed at 600 °C during 1 h
under a flow of nitrogen. At this temperature, covalent bonds
form between the two crystals at the interface and the DNs
accommodating the disorientations apfgamce no change
of the interface structure is observed when the annealing
time is varied between 30 min and 2 h, we must have
reached the equilibrium configuratiprThe structure is then
thinned from the side of the substrate containing the etch-
stop layer down to the latter, which is subsequently removed
to leave a final assembly composed of the thin GaAs layer
bonded to the host substrate.

where ¢ is the disorientation angle arjti’| the modulus of
the component of the Burgers vector allowing the accommo
dation of the crystalline discontinuiib’|=ay2/2 for screw
dislocations and the componelbt|=a/2 normal to the GB
for the mixed dislocations; see Tablg |

In order to obtain DNs shallowly buried and parallel to
the surface, we use the epitaxial wafer bonding technigtie.

-
[

IIl. DETAILED STUDY OF THE INTERFACIAL
DISLOCATION NETWORKS

A. Basic structure of the networks

In this section, we study in detail the DNs obtained by
bonding two substrates with vicinal surfaces identically dis-
oriented around an in-plaf@00 direction. Before bonding, FIG. 1. TEM dark-field plan-view images taken(ig-4g) weak-
we rotate them by 90° so that their 1D networks of surfacebeam condition of a sample before growth of nanostructui@@s:
steps are nearly orthogonal; hence, the resultant tilt axis i§=220;(b) g=220. The full and dashed arrows point, respectively,
close to a(110 direction. Moreover, we establish between to screw and mixed dislocations.

155329-2



BURIED DISLOCATION NETWORKS DESIGNED TQ. PHYSICAL REVIEW B 70, 155329(2004)

bt Although the screw and mixed dislocations are not exactly
1 | [ oriented alond110 directions, they remain very close to the
R S s latter (see Secs. Il C and lll band it is worth keeping in
JR SRR S SN mind the magnitudes of the various components of the Bur-
} { } [ gers vectors for perfect screw dislocations and [fbtQ]-
B W e oriented mixed dislocation&60° dislocations) [Table 1.
'.-‘l"."l","l'-.-' The disorientations and periods measured for the various
Lo L DNs are given in Table Il. Note that in this table, the figures
i i i . IDm after the= sign are not actually error bars but mainly reflect

the local fluctuations of the measured quantities. These dis-
persions can be accurately measured in the large thin areas of
our plan-view images.

D

N

FIG. 2. Schematics of the DNs of Fig. 1. Thick full lines, screw
dislocations; dotted lines, mixed dislocations. The fine line indicates B. A rectangular network of screw dislocations

the average orientation of the latter. . o . . ) .
A major deviation from the simple picture outlined in Sec.

the mixed onegprobably due to their largeg-b| value) and I appears readily:_thg two subnetworks of screw dislocations
that in Fig. 1b), each crossing of a mixed dislocation shifts have different periodicitie®; andD, (Table II), so that the
the screw dislocations by half a period. This interactionScrew DN is actually rectangulaslight deviations from or-
makes the mixed dislocations adopt a configuration conthogonality will be explored in Sec. IIlCWe propose that
situted by a sequence of segments disoriented from the ay0€ difference of periodicity happens because the mixed dis-
erage line directiorfFig. 2. Such energy-minimizing shifts quatlons accommodate not only the tilt bL_lt also part of the
and reorientations have already been reported for interactiorf¥/ist thanks to their screw components in the GB plane.
between 60° dislocations and screw or edge netwdks3 Reasoning as a first approximation as if the dislocations were
On the other hand, we do not observe dislocation dissocidsolated and straightdislocation interaction will be consid-
tion. This is not surprising since in GaAs the typical disso-€red late), such a component must exist for any mixed dis-
ciation length is only about 0.5 nm. Anyway, dissociation onlocation because the in-plane component of its Burgers vec-
such small scales, well below the various characteristidors is along &100-type direction, whereas its line is close
lengths involveddislocation periodicities, layer thicknesges 0 [110] (from now on, “in plane” means “in the GB plane”
would affect neither the quantitative analysis carried out inMoreover, these screw components are along this same line,
Secs. Ill and IV nor the growth of the nanostructugec.  and thus nearly parallel to those of tfEL(] screw disloca-
IV). tions. If they qdd up, accon_*nmodatmg a given twist requires
In this sample, all dislocations are roughly oriented along@Wer screw dislocations oriented alofidL0] (but not along
(110 directions and the periodicities of the two DNs are[110]) and the periodicityD; (but notD,) becomes larger
close. This orientation is of course expected for screw dislothan expected.
cations, but also for the mixed ones, given the vicinalities of To check this hypothesis, we first measured by electron
the bonded surfacesere and in what follows, the “orienta- diffraction the actual twist angle a$,,;=1.65°+0.25°.
tion” of a mixed dislocation must be understood as its averfFrom Eg. (1), the corresponding ideaquare network of
age orientation, unless its various segments are specificalscrew dislocations would have a periodicityDyist
consideredl Since we do not observe any influence of the=13.9+2.1 nm. Table Il shows indeed thd&;>Dyis
polarities of the substrates on our results, we need not diswhereasD,=D,,; Within experimental uncertainties. Our

tinguish between the absoluf&10] and[110] directions of ~ €Xplanation can be confirmed quantitatively by checking that
either substrate and we arbitrarily label the orientations off€ total twists accommodated by screw Burgers vector com-

the dislocations of Figs. (&) and Xb) as[110] and[110],  Ponents lying along110] and[110] are equal. Hence, we
respectively; quantities pertaining to the two screw subnetMust have

works will be labeled with indices 1 and 2, respectively. To O = Os + O = Brs ()
prevent any confusion between crystal disorientations and 27 Pt T Ptm T Pwisty

DN disorientations, the former are denoted with Greek lettersvhere the angle®,,, 6,,, and 6, are the twists accommo-

0 and the latter withw, with indices specifying the DN. dated, respectively, by the two subnetworks of the actual

TABLE Il. Characteristics of the dislocation networks imaged in Fig. 1.

Disorientation

Dislocation network Index Nearest{110) direction anglew; (deg PeriodD; (nm)
Screw 1 1 [110] 2.8+0.8 21.0+0.6
Screw 2 2 [110] 2.1+17 15.0+0.3

Mixed m [11Q] 27.9+2.8
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two screw subnetworks. This phenomenon is, however, not
observed whem; is very small because the mixed disloca-
tions are then insufficiently numerous to accommodate a sig-
nificant portion of the twist.

C. Disorientation of the dislocations
with respect to the (110 directions

FIG. 3. Schematics of the interaction between the mixed dislo- 1N€ rectangular geometry of the screw DN discussed in
cations and screw subnetwork 2. Arrows indicate line orientationS€C. Il B is the most obvious deviation from the ideal pic-
Burgers vectors are indicated for each segment with fagi@  ture presented in Sec Ill A. Besides this, we observe subtler
omitted; for the mixed dislocation, the two possible pairs appeardiscrepancies. In particular, each subnetwork of screw dislo-
respectively, above and below the line. Dashed line, average dire¢ations is slightly disoriented with respect to its nekte)
tion of the mixed dislocation. direction(Table Il). Hence, these dislocations are not perfect

) screw dislocations. These disorientations imply the existence
screw DN and by the_ln—pla_ne screw components of the Burpf 4 small Burgers vector edge compondmnt in the GB
gers vector of the mixed dislocations. From Ef) we get  hane for both subnetworkis=1,2. Since these nearly or-
|04/=2 arcsirta/2D;) and, using the periods given in Table thogonal edge components cannot mutually cancel, there are

ll, we obtain 6,=1.53°+0.04° 6,=1.09°20.04°. The 4 possibilities. They might accommodate a slight lattice

mixed dislocations hav_e eight possiblg different Burgers V€Ciismatch between the bonded crystals. If not, they must be
tors, and the twist which they collectively accommodate is

2 ; . ) canceled by another edge component of the full interface
| 6wl =2 arcsirt|bd /2D,y), whereby, is the average projec- by \we shall examine these two hypotheses in turn,

tion of all these vectors along the mixed dislocation line and  The |attice mismatch which would be accommodated by

Dy, the network periodTable Il). Assuming that all their  he egge components of screw subnetwiodisorientated by
normal components have a given orientat{iarbitrarily de- o, i

noted[001]), which simply means that the density of mixed
dislocations is the minimum necessary to accommodate the

tilt, the Burgers vectors may be alofy01], [011], [011], or

[101]. If we further assume that they are either all along ..

— — ) Since each screw subnetwork would accommodate only a
[101] or [011], or all along[011] or [101], and in each case mismatch normal to its quagi10) line direction, we should
in equal numbers, they all correspond to a twist of the sam@aye sirw,/D,=sinw,/D,, which is not excluded by our
S'E” be_causeh they Tjal\'/e the same PrOJeCt'O”I aldi@l.  gata(Table Ii). For example, th¢110-oriented subnetwork
Then, since the mixed line is on average very closgli), would accommodate misfit=(9.3+2.6 X 10* along[110].

!g”\‘flezf?ggm(-rable h and6y,=0.41°+0.05% so that Eq2) The only possible cause of misfit between the two bonded
Although our hypothesis on the selection of the BurgersGaAS Substrates seems.to bg a doplng dn‘fergnce. Howevgr,
our two substrates have identical nominal doping levels. This

vectors is thus largely justified, experimental uncertalntlesls, however, not critical, since doping-induced misfits are

leave open the possibility that a small fraction of their screw ery small compared with the abovementioned figure: for

components might cancel each other. This will be discussel] ; . 14 ,
in detail in Sec. Il D. Instance, using the results of Bassignanal.,** we find that

Moreover, dislocation interaction leads us to modifythe misfit expected between our substrates and undoped

. c . i
slightly the previous reasoning, performed as if each mixeaGaAS Is less than # 10°. Hence doping, and more gener

dislocation had a well-defined Burgers vector. It can, hOW_aIIy lattice misfit, cannot explain the disorientation of the
screw subnetworks.

ever, be seen easily that the half period shift of the screw .

) - — ] ) ) We thus turn to our second hypothesis: the edge compo-
Q|sloca_1t|0ns parallel t9110] upon crossing a mixed disloca- nents of the screw dislocations cancef are canceled by
tion [Fig. 1(b)] makes the Burgers vector of each segment ofther edge components. The only possible source of the latter
the latter take two values. Only two such pairs exist: eithelis the network of mixed dislocations. Since, as already no-
(a/2) [101] and(a/2) [011]], or (a/2) [011] and(a/2) [101] ticed, the in-plane components of the Burgers vectors of each
(Fig. 3). Since only the net Burgers vector matters for thesegment of the latter are approximately at 45° of the average
accommodation of crystal discontinuities and since, in eaclmixed line direction(and anyway never parallel to the seg-
pair, the screw component is the same, our previous demormen) (Fig. 3), these components indeed exisable |). The
stration remains valid; we only need to specify that the sechet edge component of the mixed dislocations depends on
ond pair is much less frequent than the first. Note also thathe relative magnitudes of the projections of the sum of their
dislocation interaction constrains all the Burgers vectors oBurgers vectors along and perpendicular to their line direc-
screw subnetwork 2 to be the same. tion. Unfortunately, their poor contrast and their waviness

We thus conclude that the mixed dislocations accommohinder any precise measurement of their average orientation
date part of the twist via their screw components in the GBFig. 1(a)]. We may nevertheless assert that the latter devi-
plane and that this induces a difference of periodicity for theates from[110] by a few degrees at most. In Sec. Ill D, we

f, = be/D; = (asin w)/(V2D;). 3)
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2
S

screw #1 ties must be understood as averages both along and between
dislocations.

The geometry of all combinations of periodic linear inter-
facial DNs compatible with a given disorientation and misfit

4
]
[}
]
[}
i
' ++*‘mixed between two crystals is prescribed by Frank’s fornidila,
i which states that if a given vectdf of one crystal trans-
Too € =======u=2 : --------- > 100 forms in the other crystal into vectdr’ (having the same
' crystal coordinatesthe “closure defectB(V)=V -V’ satis-
H fies
[}
[}
. : B(V) =2 cy(V)by,. (5)
y p

=
=1
=)

In Eq. (5), the sum extends to all DN whose dislocations
FIG. 4. Orientations of the interfacial DNs. All directions are have Burgers vectorb,, andcy(V) is the number of such
relative to a given crystal. Dashed lines, crystallographic directionsdislocations intersectiny'; denoting byn the interface nor-
Full and dotted lines, dislocations. Hekgy,<0. mal pointing from the crystal containing to that containing
V', c,(V) is counted positive i/ X n has a positive compo-
demonstrate that our experimental data confirm this hypothrent along the oriented dislocation line. We takas having
esis and allow a precise determination of the parameters ira (large) positive component alonggy. Applying Frank’s

volved. formula to the two noncollinear unit vectors o and ujq
and to the three DN&crews 1 and 2 and mixgdand ignor-

D. Global analysis of the interface dislocation networks ing for the moment that, due to interaction, the mixed dislo-
The orientations of the DNs are summarized in Fig. 4.cations are not straight, we readily get

The arbitrarily chosen orientation of the dislocation lines is sinw; a Cosw, a U

indicated by arrows. We denote kb, the unit vector along B(up0 =~ D—TEUMO_ D, bH 5 U110

direction[hkl]. All directions refer to onéarbitrarily chosen A 2

of the two crystals. We denote hy; and w, the disorienta- sin wp, a\r a

tions of each screw line with respect to its neighborihg0) "D ( 4 —, (@Uio+ Bung) + 2”) (6)

direction andw,, the average disorientation of the mixed line

with respect tg110]. Our data show that all these angles are cosw; a sinw, a

small and thatw,; and w, are of the same sigtirable II). B(u110 =
Since the twist is mainly accommodated by the screw dislo-

—=Ug0~ —=U110
D; v2 D, v2

cations, the projections of the Burgers vectors of the latter cosw..[ ay2 a
m

along their lines must be of the same sign; we arbitrarily + ( —(aUqq0t Buqig + = n) (7)
choose these vectors to bé,=(a/\2)u;;0 and b, Dim 4 2
=(a/\2)ugye respectively(Fig. 4). where

A full description of the interface would include, in addi- _ _ _
tion to the measured quantiti€periods of the screw and @= P10~ P10+ Po1~ Pow, (8)
mixed networks, disorientation of the screw lines, twist
angle, the determination of the tilt angléy;, of the disori- B= P10~ P10+ Po1~ Po1- 9)

entation w,, of the mixed dislocations and of the relative
probabilities of their eight possible Burgers vecttys To |
solve this problem, we make only one assumption: as alread{ft€rface plane of the average Burgers vedmgr of the

The coefficientsa and 8 characterize the projection in the

discussed above, we suppose that@@1) normal compo- Mixed dislocations
nents of the Burgers vectors of the various mixed disloca- — a2 a
tions all have the same sign which, without loss of generality, bm= —(aU110+ Bu110) + S Ugos- (10

we shall take as positive alon@01]. This assumption is 2

much less restrictive than that adopted in Sec. Il B, since Since the angles;, wy, @y, Guis, and &y, are all small,

we now allow four possible Burgers vectors, namely,we shall retain only the terms of first order in angles. Al-
(a/\Z)ulol, (a/\2)u011, (a/\2)u101, and (a/+\2)ug and though not necessary, this considerably simplifies the discus-
make no assumption about their relative probabilities, whicksion. If 6,0 corresponds to a rotation from , toward

we denotepio, Po1. Pro, and por, respectively. These prob- ujy, the closure defects then become

abilities satisfy B(U110) = = OuwistU110+ ©mbiitUoo1, (11
O<pjj<1andpy+pPo1+Pro+Por=1. (4)

B(U110) = OwistU110— GiitUoo1- 12
Because of interaction with screw network 2, the Burgers (U120) = st 110 bl oo (12
vectors do not remain uniform along each mixed dislocatiorProjectigg Eqs(6) and(7) on uggq, U110 @nduy;gand setting
but alternategsee Sec. Il B and Fig.)3so that the probabili- dy=a/\2 yields
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Osiit = — /2Dy, (13 P10+ Por=(1+pB)/2, (21b

we finally obtain the following set of constraints on the Bur-

awm= = 20,0n/Dy, (14 gers vector probabilities:
Bom == 2D(1/D5 — buyisddo), (15) 0.89<pyo*Por=1,
a==2Dp(1/D; = bhyisido), (16) Po1= 0.4,
B=2w,D,/Ds. (17) P1o= 0.6,

Equation (13), obtained twice by projecting alongggy,
is simply Eq.(1) for small tilt. ThatD,, depends only on
the tilt simply means that the screw dislocations cannot acThis specifies the deviations allowed by the uncertainties on
commodate any part of the latter. Numericallfyy  our experimental data from the simple hypotheses adopted in
=(-1.02+0.10x 1072, or 6;;=-0.58°+0.06°(in agreement Sec. Il B, which correspond t@;o=pPg;=0.5, P1o=Po1=0.
with a value of —0.71° +0.14° calculated from substrate vici-Moreover, Eq.(18) now provides the average disorientation
nalities of 0.5° +0.17. of the mixed network. We findo,,=(-13.6+6.2 X 1072, or
From the four remaining equations we want to extract they,,=-7.9° +3.5°. This implies thab,, is necessary nonzero
three unknowns,,, @, andB. From a practical point of view, and has a sign opposite to that ©f and w,. Detailed ex-
we note that the DN periods are measured much more prexmination of the geometry of the DN shows that these results
cisely than the disorientatiori$able Il). We thus found that, are modified neither if the broken line character of the mixed
somewhat surprisingly, the best procedure is to first obtairiislocations(Fig. 3) is taken into account nor if other pos-
from Eqgs. (14~(17) a refined value off,, (treated as a sible signs of Burgers vector components are considered.
fourth unknown rather than using its measured value. This  To summarize, our detaileab initio quantitative analysis
calculated value depends only weakly on the measuredonfirms and refines the conclusions of the simplified analy-
angles and can then be used in the equations to obtain accsis carried out in Secs. Il B and Il C. A 2D network of
rate values of the other parameters. From Ei)—«17), we  “quasiscrew” dislocations accommodates mainly the twist.
get However, this network is neither square nor perfectly ori-
© 1-6. DJd ented along thé110 directions. The tilt is accommodated by
= 1 =— wist=Z2 70 (18) @ 1D network of mixed dislocations, whose individual Bur-
1 - GwistD1/do (CF) gers vectors maw priori have four possible components in
the [00]] plane. Actually, the average Burgers vector has a
large componentr along [110], so that the mixed disloca-
D1D20§Nist_ do(D1 + Dy) it + (1 + wlwz)dZ =0. (19 tions also have a large screw component and accommodate a
significant part of the twist, thereby affording an increase of

0<pp+pPer=0.11.

Wm

Hence, 6,,is; Satisfies

The two possible solutions of E(L9) are the period of the subnetwork of screw dislocations oriented
1 0 1 o close to[110Q]. The driving force for this Burgers vector se-
0=yl — - ——=2 | and 6., = dp| — + ——=—|. lection must be the reduced interface energy accompanying
twist — 0 D D.-D twist — 0 D D.-D oo e _ : h "
2 172 1 172 this increased periodicity. The disorientation of the mixed

(20)  dislocations with respect tfi110] and the componeng of

their Burgers vector alon§110] generate an edge compo-
gent. This component is canceled by the small edge compo-

causeD, andD, are noticeably different. Indeed, the data of nents generated by the slight disorientations of the screw
Table Il yield the following narrow ranges:f, dislocations with respect to their respective neighboring
- Vtwist

:(265i00] X 10—2 and eg,vm:(lgzioo-l X 10—2 <110> directions.
Whereas thet range is incompatible with our experimental
determination, the- range lies fully within our experimental V- ORGANIZATION OF 1II-V NANOSTRUCTURES VIA

These values depend little on anglesand w, because the
dependence is only via the product of these angles and b

values, which strengthens our argument. Hefgg= by THE DISLOCATION NETWORK
and our refined value i8y,s=(2.65+0.07X 1072, 0Or Gy A. Formation of the nanostructures
=1.52°+0.04°.

Inserting this value and the experimental value®péand In order to study the influence of the subsurface DN, we
D,, in Eq. (16) leads to 0.7& a<1.34. However, Eqg8),  9"€W by MOVPE on such composite twist-tilt bonded sub-
(9T and(4) indicate that -k a<1 and -1< 8<1. Finally, Strates a sequence of layers which would give rise to the
0.78< o<1 Erom Eq.(17) and the experimental values of formation of QDs on standard substratghe whole struc-

D,, D,,, andw,, we get 0.023 3=<0.277. ture is shown in Fig. 5: starting from the bottom, we find the
Noting that, from Eqs(8), (9), and(4), host GaAs substratél) and the bonded GaAs lay&R).
Their interface is the GB, where the large dark spots are due
P1o+ Por= (1 +a)/2, (219  to the strain fields of the dislocations and the small ones to
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..‘0'..::0 h

() .’..o'°.‘.:00':’:.000:.

FIG. 5. TEM 002 dark-field cross-sectional image of a sample ‘.\.&\'.&
containing a buried DN, after MOVPE growth. The different layers R R R R
are detailed in the text. Oval and rectangle indicate, respectively, an 3-.\'5-\'5.\.1.
interface dislocation and an interface cavity. Note the different hori- .-s,.\-;j.\..,.\.‘
zontal and vertical scales chosen to enhance the undulations of lay- RO .~‘°. It
ers 3 and 4. "':.:"".:..\-':.:S.-o::.\..-o'(

. . i ':.00"‘...“\.,.00"
cavities(resulting from the nonplanarity of the surfaces put
in contacj or to segregated impurities. As previously ob- weestt

served for other bonded 11I-V crystdighe dislocations con- i . o —

stitute a planar network which remains confined to the GB FIG. 6. (@ TEM dark-field plan-view image in 2D (g-49)

and does not propagate in the surrounding layers. The grov\)ﬂegk-beam condition of the sample shown in Fig. 5. Two !nterface

layers are above layer 2. No QD is observed in this samplec.av't'es are marked by rectqngleb) 'Schen'watlcs ofa) with mixed

However, both the GaAs buffer layés) and the 19Ga,_ As (dotted line and screw(full lines) dislocations.

alloy layer(4) exhibit thickness modulations, to be discussed

below. Finally, a thin GaAs laygi5) covers the entire struc- B. Dislocation structure

ture. Using our previous work, we determined the compo-

sition of layer 4 from the TEM 200 dark-field image intensity =~ The composite substrates used for growing the nanostruc-

ratio between this layer and the GaAs layers. We found atures were obtained in the same way as those studied in Sec.

average In compositior=0.31+0.02. lll. In particular, we used two substrates disoriented around
The presence of a dark line at the GaAs/GaAs interfac€100) directions which we bonded with their networks of

between layers 2 and 3 might seem surprising. However, theurface steps orthogonal to each other. However, in order to

top of layer 2, on which growth is started, is obtained byobtain DNs networks with spacings of the order of typical

chemical etching and cannot have the quality of standardjstances between standardly grown QDs, we selected much
‘epi-ready” wafers. Secondary ion mass spectroscopy showgmajler tilt and twist angles.

! . '3 X
g:jzi[hlrfrg;%lgsl.evels as low as e suffice to produce Figure Ga) is a TEM 220 weak-beam image of the sample

From such images, it appears readily that the thicknes8f Fig- 5 which reveals chiefly the high strain field localized

modulations. which affect both the GaAs buffer and the In-close to the dislocation cores and not the more diffuse strain
GaAs Iayer, are not randomly distributed: for instance field associated with the growth of the strained nanostruc-

thicker InGaAs grows in the valleys of the GaAs layer. tgr(_as. A_Ithoggh t.hey might appear diffe_rent, the dislocations
Since, moreover, their dimensions, modulation periods, andfiSiPle in this micrograph have essentially the same geom-
modulation amplitudes are of the order of between 1 an§ly, Schematized in Fig(B), as those studied in Sec. III: we
100 nm, these features truly constitute IlI-V nanostructuresOPServe a 1D network of mixed dislocations of average ori-
These nanostructures are clearly the direct effect of the urfZntation close t¢110] and short segments of screw disloca-
derlying dislocations during growth, and are not mediated byions along 110] (subnetwork 2 of Sec. I)l These segments

a possible undulation of the initial growth surface, namely,and the broken line character of the mixed dislocations result
the top of layer 2; indeed, the latter exhibits a negligibleagain from the interaction between the two familiggy. 3);
corrugationjwe measure by atomic force microsca@y=M)  in particular, each screw dislocation shifts by about half a
a typical rms roughness of only 0.3 frHowever, images period upon crossing a mixed line. Compared with Sec. IlI,
such as Fig. 5 allow a detailed study neither of the organizathe smaller crystal disorientations induce larger DN periods:
tion of the nanostructures nor of their relationship with thehere,D;=261+61 nm and,,=50+15 nm, corresponding to
underlying dislocations. In the next two sections, we firsta twist of 0.09°+0.02° and to a tilt of 0.25°+0.08
study the dislocation structure of the samples used fomgreement with expected values of 0.0°+0.1° and
growth. We then demonstrate that the nanostructures are sp@21°+0.07°, respectively Moreover, since the twist was
tially correlated to the DNs and we discuss the origin of thisset as close to zero as possible, the pebgdf screw sub-
correlation. network 2 is considerably larger than the peridg of the
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of screw components are respectively larger and smaller than
the screw component of an ideal 60° mixed dislocation,

m2
o which is itself half as efficient as a screw dislocation to re-
010 lieve twist(Table ). It is now easy to understand why screw
%uo subnetwork 1 can be totally absent. For this to happen, it
100 suffices that thé sequences dominate and that the balance

betweenb anda sequences produces exactly the same twist
as screw subnetwork 2. From the discussion above, this can
happen as soon as the ratio of the densities of mixed and
) ) screw dislocations is larger than a factor of 2. Since we per-
_ FIG. 7. Unit cell of the networks of screw and mixéwl,m2)  formed growth on substrates where this ratio is between 3
dislocations of samples used for growth. The inset gives the C1YSand 4, this mechanism can certainly operate. Actually, it is
talline directions. Large arrows as in Fig. 3. Near each segment arg e very mechanism of Sec. IIl; however, the “replacement”
indicated the possible Burgers vectonsth factora/2 omitted and of a portion of screw subnetwork 1 by the screw components
the decomposition of their in-plane projections into screw and edg%f the mixed DN is now pushed to its limit, the total disap-
componentgvectors with small arrows Full (dasheg ellipses in- earance of subnetwork 1. Indeed, with réspect to interface
dicate segments strongly contrasted in dark-field images formegner it seems highl fa.vorable ,to eliminate totally one-
with diffraction vectors along 200020 + and — conventionally half g]y ’the standardQZDyscrew network. The whole in¥erface
indicate the type of strain in the region above the interface. DN geometry is then determined solely. by those dislocations
imaged in Fig. 6a) and consists of prolate hexagonal cells;
e long dimension of these cellalong[110)) is exactly the
period D, of the screw DN and the short dimensionhs

6(b)]. s .
Moreover, weak-beam images formed with the orthogonal 88+32 nm(Fig. §b)]. These cells are, however, som_ewhat
irregular because the mixed segments are not straight, be-

220 reflection seem to show only the same mixed diSlocaf:ause the shift of the screw dislocations varies and because
tions but ng110]-oriented screw dislocation, as was the case

: of the presence of interface cavities.
before[subnetwork 1, Fig. ®)]. Although the presence of ; . . )
some screw dislocations cannot be ruled out totally, this These considerations are confirmed by TEM dark-field

would however not be unexpected in light of the previousImages formed with diffraction vectorg of 200 type[Fig.

study. To understand why, we must consider carefully the8(a)]. Since the contrast in such images is due not only to the

dislocation interactions. Figure 7 shows a unit cell of thed'hscl)c\;\fzt'ggﬁ dg‘étsi:;o Itg ht:\\?insu?ﬁggg\%‘:}éiglrc?gr':ic!ﬁysirnsfcx?e
hexagonal DN of Fig. 6, which contains one segment o b g

screw dislocation at the center and four segments at the co ut without overgrowth; later, this will also allow us to iden-

ners, two segments of mixed dislocatiomd and m2 and ity the_ ngWth'fe"’?‘ted feat;rge_(!ﬁec_. IV Q. The g-b rule

two nonequivalent nodedil and N2. The only arbitrary governing dislocation contrastimplies that aII_screvv_ seg-
choice (apart from the orientations of the mixed and screwg]heontﬁj alj)neds?y:;ylSeccoonr][?azteegdmfe?;Ig];]ea;gomlxﬁgrg:slot(;]aetlon
lines) is that of the sign of the Burgers vector common to all u gly g 9 ' W

the screw linegor, equivalently, of the bonded crystal to same screw segments and the rest of the mixed segments are

. Con L in contrast forg along 020(Fig. 7); in each case, the other
which the crystallographic directions refghere, for sake of half of the mixed segments should show a weak contfast.

comparison with TEM images, this vector is calledd]le.,  pyiing together the results about twist accommodation and
the opposite of the choice made in Fig. 3. The sequence Qfisiocation contrast, we find that, in the case of Fig. 7, the

Burgers vectors of all the segments of any mixed dislocatiorgegmentS of mixed dislocations in contrast palong 200

can be en.t|rely determined once one of them is known: forhave Burgers vecto(ra/Z)[TOl] if they belong to dominant
mi, it is either 101Nl-011(type al) or O11-N1-101 (type  sequenceb and Burgers vectofa/2)[101] if they belong to
bl) and for m2 either 011N2-101 (type a2) or 101-  minority sequences. Conversely, the segments in contrast

N2-011 (type b2); as in Fig. 3, sequences of typasandb  for g along 020 have Burgers vectéa/2)[011] if they be-

are drawn, respectively, above and below the mixed line. Ofpng to sequenceb and Burgers vectota/2)[011] if they

the other hand, the sequences correspondinglt@and m2 belong to sequences Moreover, when passing from one
may a priori be chosen independently provided they are ongpixed dislocation to the next or@om mi to m2), the pat-

of the abovementioned. From Fig. 7, Wh|(_:h also shows thgarn of contrasted and faint segments shifts latergty
screw and edge component of each possible Burgers vectQfyoyt half a period of the screw netwdikthe sequences of
two conclusions can be d.rawn. _Flrst, provided consecutlve_ghe two mixed dislocations are of the same type, whereas it
segments of each mixed dislocation are of equal length, thegoes not shift if the type of sequence changes. In Fig), 8
edge components cancel. Secondb sequence produces e opserve parallel and equidistant dark lines. Each line has
large screw components; the sum of two consecutive SucClepgsuch ass ands’) and all the steps displace the lines in
components is alondl10] and thus corresponds to a twist in the same direction. This can now be interpreted in the fol-
the same rotational direction as screw subnetwork 2; on thlewing way [Fig. &b)]. The portion of line between two
other hand, ara sequence produces smaller screw composteps is constituted by mixdattype segments separated by
nents and a twist in the opposite direction. These two typeshort screw segmeni$iere nearly vertical and barely vis-

mixed DN. Thus, the mixed segments are much easier to s
than in Fig. 1b) and we observe prolate hexagoffsg.
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500 nm

FIG. 8. (a) TEM plan-view 200 dark-field image of the bonded ~ FIG. 9. TEM 200 dark-field plan-view images of the sample
interface in a sample without grown layers. Several hexagonal cell§shown in Figs. 5 and &2) g=020; (b) g=200.
are highlighted and steps s’ and nonstandard set of hexagons
around P are indicatedb) Schematics of segments of screw and
mixed dislocations contrasted strong(full lines) and weakly
(dashed linesfor diffraction vector along 200. Directions and se-
quence types as in Fig. 7. Dotted line, average orientation of th
lines visible in(a). Scales are different ife) and (b).

between the DN and the thickness modulations can be ob-
tained only by studying plan-view images. Figure 9 shows
standard TEM dark-field images taken after growth with two
gerpendicular 200-type diffraction vectors. Both images
Show dark continuous lines. Despite slightly different DN
periodicities(due to slightly different twist and tilt angles
ible). The step is due to the absence of lateral shift betweeand the contrast disturbances caused by the grown nanostruc-
the mixed segments in contrast for two consecutive mixedures, these lines are easily recognized as the stepped se-
dislocations, and thus corresponds to the insertion of a singlguences of mixed and screw segments discussed in Sec. IV B
a-type segment between two seriesbafype segments. The (here, a step occurs about every second mixed segnidre

step frequency depends on the respective values of twist arftexagonal cells of Figs. 6 and 7 may be reconstituted by
tilt: the larger the twist, the less frequent the stgipsFig.  observing the patterns of strongly and weakly contrasted seg-
8(a), a step occurs about every fonsegmentg Note thatin  ments in each image; some cells are delineated by white
Fig. 8@a), the rest of the mixed segments appear faintly condines in Fig. gb)

trasted so that each hexagon can be reconstituted. Con- In addition, Fig. 9 shows a well-defined pattern of bright
versely, images formed with an orthogonal 200-tgpeector ~ areas separated by darker valleys. The three crucial points
show stepped lines oriented close to the complementary sate the following.

of mixed segments. According to this interpretation, the (a) This pattern is similar in images taken with orthogonal
strongly contrasted lines visible in Fig(e® should be paral- reflections[Figs. 9a) and 9b)].

lel and equidistant, and their steps should be correlated so (b) The bright areas have the same periodicity as the un-
that two hexagons with nonstandard contrast pattgrheind  derlying DN and their orientation is close to that of the cells
h2 in Fig. 8b)] are found between steps belonging to twoof the DN (once allowance has been made for the irregulari-
neighboring lines. The former point is always verified andties of both structurgs

the latter is verified in most cases, although we also find (c) Such patterns are not observed before growth: each
phase shifts between steps producing arrangements of fobexagonal cell in Fig. @) displays a uniform gray levéthe
nonstandardly contrasted hexagdisg., around P in Fig. broad variations of contrast are due to changes in diffraction
8(a)]. This could be due either to the interruption of the conditions induced by the bending of the thin TEM speci-
sequences of the mixed dislocations by cavities or to thénen.

absence of a screw segment. Point (a) demonstrates that the contrast is not a strain
_ _ _ contrast but a map of the local variations of structure factor

C. Correlations between dislocation networks (integrated through the thickness of the specimdinhese
and nanostructures variations cannot be due to strong variations of the alloy

Since TEM cross-sectional images such as Fig. 5 onlyomposition, which we did not observe in the cross-sectional
show a section through the interface, proof of the correlationmages(Fig. 5). Instead, they must result from the thickness
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FIG. 11. Schematics of the hexagonal cells of the BNand —
indicate dilatation and contraction above the interface. Dagiégl
ellipses indicate regions where GaA#nGaAs preferentially
grows.

FIG. 10. AFM image showing the surface corrugation induced

by the organized nanostructures. segments remain neutral, since they only induce shear. For
reason of symmetry, the dilatation must cancel at the centers
variations of the GaAs and InGaAs layers observed in thesef the hexagons. When the GaAs buffer is deposited, it will
same images. Indeed, since the 200 reflections have a lorgow preferentially in areas where the surface lattice param-
extinction distance whereas the specimens are relatively thimter is close to its own, namely, at the central region of each
and since moreover }®a _,As alloys with x~0.3 have hexagon(Fig. 11). This explains why the thickness of this
about the same 200 structure factor as GaAs, a brighter re&saAs layer is not uniforn{Fig. 5), and moreover why the
gion corresponds to a larger local thickness of GaAs othick parts should coincide with these areas, as demonstrated
InGaAs!® However, since the thickness of the GaAs bufferin Sec. IV C. According to the same mechanism, we also
is several times larger than the alloy thickness, the contragixpect the alloy layer to grow preferentially where the sur-
pattern is dominated by the GaAs contribution. Finally, pointface is dilatedFig. 11). This explains why the InGaAs alloy
(c) demonstrates that the correlation between DNs and thickends to grow in some valleys of the GaAs laye€ig. 5). The
ness modulationgpoint (b)] was induced during growth by elongated aspect of some features observed in Fig. 10 might
the former. be an indication of the chains of GaAs and InGaAs regions
TEM thus demonstrates that we have managed to inducghich appear in Fig. 11 and result from the growth of the
nanostructures via the strain field of the underlying DNs.alloy in only half the GaAs valleys.
These nanostructures consist of thickness modulations of the We have not yet attempted to measure the strain modula-
InGaAs layer superimposed on thickness modulations of théon at the surfacgretrieving this information from TEM
epitaxial GaAs layer, which have the same geometry andimages is hampered by the surface relaxation of the thinned
dimensions as the cells of the underlying DNs. Yet anotheMEM specimens Whereas this would certainly be intersting,
proof is given by AFM imagesgFig. 10, which confirm the  we believe that it is not of fundamental interest in the present
presence of the nanostructure and show that the corresponebntext, since the demonstration of a strain modulation is
ing surface height modulation is approximately 1.5 nm.sufficient to ascertain the existence of a modulation of the
Moreover, the lateral dimensions of the modulation as meaehemical potential for the various species diffusing on the
sured by height profiles taken along til0 directions are surface during growth, which is the basic ingredient in the
identical to those observed in the TEM images and to thosérmation of the nanostructures.
of the DN cells. This consistent set of observations amply
proves that the strain field of the buried DN is at the origin of
the ordering of the nanostructures. V. SUMMARY AND CONCLUSIONS

In the first part of this work, we studied shallowly buried
GaAs/GaAs interfaces obtained by wafer bonding. The in-

To understand how the nanostructures are induced by therface DNs are composed of a 1D network of mixed dislo-
DN, we must return to the dislocation structure. We observedations which accommodates the tilt between the two bonded
previously that the edge component of two consecutive segsamples and of a 2D network of quasi-screw-dislocations
ments of each mixed dislocation have opposite directionswhich accommodates mainly the twist. Their detailed study
This implies that the strains induced on a given side of theevealed several unexpected phenomena. First, when the
interface by such a pair also alternate between dilatation anehixed dislocations are only slightly disoriented with respect
contraction(normal to the ling this is indicated by+ and — to a (110 direction and when the periodicity of the screw
in Fig. 7. This remains arbitrary as long as we have noDN is not much lower than that of the mixed dislocations,
specified relative to which crystal Fig. 7 is drawn. Let usthe latter contribute to the accommodation of a significant
assume thatt corresponds to an expansion in the upperpart of the twist. In addition, slight disorientations of the
crystal (which contains the grown layers screw dislocations with respect to ttfEL0) directions cancel

In Fig. 11, we have drawn several hexagons of the DN irthe residual in-plane edge components of the mixed disloca-
an area free of steps and indicated the sign of the dilatationgions due to a combination of their disorientation with re-
strain induced by each mixed segment. In this respect, screspect to(110 and the value of their average Burgers vector.

D. Interpretation
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We then used the strain field of such shallowly buriedWith respect to edge networks, they have the advantage of a
dislocation networks to modulate the surface potential ofgeometry easily adjustable by simply changing the disorien-
various atomic species during the deposition by MOVPE of &ations between crystal@nd not their difference of lattice
sequence of GaAs and InGaAs layers. We managed to ordgarametens Moreover, it is precisely the interaction between
laterally 11I-V nanostructures which consist of modulations dislocations which creates the alternating pattern of lattice
of the thicknesses of these layers. These nanostructures hasepansion and contraction which itself leads to the formation
lateral dimensions and orientations identical to those of thef the nanostructures.
cells of the underlying DN. This result is very promising in
the_ perspective of ordering QDS for appllcatlong to optlpal ACKNOWLEDGMENTS
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