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Abstract

Ž . Ž . Ž .Using atomic force microscopy AFM imaging, transmission electron microscopy TEM and photoluminescence PL ,
Ž . Ž .we have studied InAs stacked islands on InP 001 versus the InAlAs spacer layer thickness SLT . We have found that first

wire-like island shape is strongly favored by such a stacking process and second in the 10–25 nm SLT range, the wire size
and height are dependent on the SLT. TEM images show off a new surprising staggered vertical island organization that can
be explained by the phase separation appearing in the InAlAs spacer layers. q 2000 Elsevier Science B.V. All rights
reserved.

PACS: 81.15.Hi; 78.55.Cr; 68.35.Rh; 68.35.Ct
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1. Introduction

For the last few years, the self-formation of
strained coherent islands using Stranski–Krastanov
growth mode has drawn an increasing attention be-
cause it had emerged as a powerful way of fabricat-
ing nanoscale structures in which a lateral confine-
ment of carriers can be obtained adding new func-

w xtionality to devices 1 . In this context, InAs dots on
w xInP 2–4 is a system of technological interest for the

realization of low-threshold lasers operating in the
1.55-mm range wavelength. Recently, this system

) Corresponding author. Tel.: q33-047-2186086; fax q33-047-
8433593.
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has been also revealed promising to fabricate in-
frared photodetectors because of a strong intraband

w xabsorption in normal incidence configuration 5 .
However, an actual control during growth of the dot

Žhomogeneity size, shape, spacing and even compo-
.sition still remains a technological challenge. In this

w xrespect, a widely used approach 6–8 to improve the
nanostructure size shape and spacing uniformity is to
achieve stacked structures having alternating layers
of coherently strained nanostructure layers and spacer
layers. In such a stacking process, each successive
spacer layer acts as a filter leading to a more ho-
mogenous dot population in the newly growing dot
layer than in the previously buried one. Furthermore,

w xit is commonly agreed 6,7 , that such a stacking
process induces an on-top vertical dot arrangement
because islands nucleate where the mismatch be-
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tween island and spacer layer surface is reduced by
the strain due to a buried island.

�In this paper, we will show that in InAsr
4 Ž . Ž .InAlAs rInP 001 stacked structures, i the stack-n

ing process produces well-organized InAs wires and
Ž .ii that the usual on-top vertical island organization
does not exist any longer when the spacer layer is an
immiscible alloy as InAlAs but is replaced by a new
surprising staggered vertical island organization. As
a matter of fact, in the case of InAlAs spacer layers,
the InAlAs surface can undergo a composition mod-
ulation due to alloy demixing. Such a surface com-
position modulation can overpower the direct elastic
effect due to the buried strained island. This effect is
thought to be the reason for the remarkable staggered
vertical arrangement of stacked wire-like islands we
observed. Finally, note that this newly found spacer

Ž .layer effect acts as a filter as the classical one for
enhancing the wire self-organization as issued from

Ž .atomic force microscopy AFM and photolumines-
Ž .cence PL measurements.

2. Experimental

Hence, we have studied stacked structures made
of five strained InAs island layers separated by

Ž .In Al As spacer layers lattice-matched LM on0.52 0.48
Ž .InP 001 substrate as a function of the spacer layer

Ž .thickness SLT : 2.1, 5, 10, 15, 25 and 40 nm. The
LM InAlAs is an alloy well known for undergoing
alloy demixing at usual growth temperature because

w xof its intrinsic surface roughness 9 . The InAs de-
Ž .posit was fixed at a 3-monolayer ML equivalent

thickness because it is just above the critical thresh-
Ž .old for the 2Dr3D growth mode transition 2.5 ML

as measured by reflection high-energy electron
Ž .diffraction RHEED . The non-capped fifth InAs

layer in-plane morphology has been imaged using
ex-situ AFM, while transmission electron mi-

Ž .croscopy TEM images were performed to charac-
terize island vertical arrangement. AFM study was
carried out using a Park Scientific Instruments mi-
croscope, model CP, operating in the contact mode.
The TEM images were recorded on cross-section
Ž . w xX-TEM preparations along 1-10 zone axis using a
TOPCON EM-002B analytical and ultrahigh resolu-
tion transmission electron microscope working at

200 kV with 0.18 nm point-to-point resolution. Con-
Ž .ventional dark-field images using planes 002 were

obtained. Considering the sample thickness in the
100-nm range, the wave intensity is weak due to a

Žlow structure factor extinction distance exceeds 1
.mm corresponding to kinematic conditions. This

implies that intensity is quite constant around Bragg
orientation and that plane distortions have low influ-
ences. On the contrary, since the structure factor is
very sensitive to a composition change, the wave
intensity and the image contrast are highly depend-
ing on aluminium and indium composition. In sum-
mary, these conditions allow a good composition
contrast with low plane distortion influences. Finally,
PL measurements have been performed to fully
quantify the vertical and lateral homogeneity of the
grown self-organized island stacked layers. They
were performed using an AlGaAs laser diode emitter
Ž .ls800 nm and liquid nitrogen-cooled InGaAs
detector.

The samples were grown by solid-source molecu-
Ž . Ž .lar beam epitaxy MBE on semi-insulating InP 001

in a Riber 2300 reactor. The substrate temperature
was measured using an infrared pyrometer previ-

Ž .ously calibrated from the melting point 5258C of
InSb. After thermal desorption of the native oxide on

Ž .the InP 001 substrates, a 400-nm LM InAlAs buffer
layer was grown. The growth temperature was fixed
at 5258C and the LM InAlAs buffer and spacer
layers were grown at a 1 mmrh growth rate and a

Ž .VrIII beam equivalent pressure BEP ratio of 20.
The InAs growth conditions were chosen to be as
close as possible to thermodynamic equilibrium. The
3 ML of InAs were grown at a reduced growth rate

Ž y1 .of 0.25 mmrh 0.22 ML s and the arsenic pres-
sure was fixed at ;1–3=10y6 Torr. After each
InAs deposit, the samples were held for 2 min at
growth temperature and then covered with a LM
InAlAs spacer. However, the last InAs layer of some
samples has been left uncapped to perform AFM
measurements. Finally, two samples have been grown
as reference: both of them contain a single island

Ž Ž ..layer i.e. 3 ML InAs on InAlAsrInP 001 grown
within the same conditions as those used in the

Ž .stacked structures but the first one A1 had been
Ž .kept uncapped and the second A2 had been capped

with 300 nm LM InAlAs layer, for AFM and PL
measurement requirements, respectively.
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3. AFM results

Typical AFM images are shown in Fig. 1 while
sample labels and corresponding main results are
collected in Table 1. Firstly, note that the tendency

Ž w xfor wire-like shape elongated along the 110 direc-
. Ž .tion observed for all samples even for the A1 case

is a typical feature of InAs dots grown on InA-
Ž . w xlAsrInP 001 10 . It is attributed to intrinsic InAlAs

alloy surface roughness inducing anisotropy in sur-
face diffusion andror reactivity at step edges. In Fig.
1, one can clearly observe that this wire-like shape is
strongly improved by stacking dot layers and that the
shape, size and lateral distribution of the wires are
strongly dependent on the InAlAs SLT. The best

Žwire homogeneity from shape, size as well as spac-

Ž .Fig. 1. Typical AFM images of the InAs island morphology of a
Ž .a reference single-layer sample of 3 ML InAsrInAlAsrInP 001 ,

and of five stacked InAs layer samples with spacer layer thickness
Ž . Ž . Ž . Ž . Ž .equal to b 5, c 10, d 15, e 25 and f 40 nm.

.ing point of view is found for samples D–F, viz.,
w xfor the 10–25 nm SLT range. For smaller SLT

Ž .samples B and C , the spacer layer filtering effect
does not act so efficiently: the islands’ shape and
width remain almost similar in size and dispersion

Žthan those observed for non-stacked islands sample
. ŽA1 . We just note an increase in height 1.6 nm

.instead of 0.8 nm . For samples D–F, almost perfect
wires with micrometric length are obtained. More-

Ž .over, for SLT equal to 10 nm sample D , wire
height and width are comparable to those of the

Ž .non-stacked case sample A1 , while from 10 to 25
Ž .nm SLT samples D–F , the wire size increases

continuously in height and width. Finally, for 40 nm
Ž .SLT sample G , the stacking effect does not hold

any more and the island shape looks like that ob-
tained on sample A1 but with a slightly more wire-
like shape. At this latter stage, there is no more
interaction between growing and buried islands. To
summarize, from an AFM imaging point of view,
InAs wire stacking process with InAlAs spacer lay-
ers is in good agreement with the theoretical predic-

w xtions by Tersoff et al. 7 about wire lateral spacing
versus SLT. However, we will see in the next item,
viz. from a TEM point of view, that the process
leading to this well organization cannot originate
from the same physical process, i.e. the strain effect
associated to previously buried island.

4. TEM results

Typical cross-section TEM images are shown in
Fig. 2a–c. Fig. 2a and b has been performed on the

Ž .just-described samples C and D 5 and 10 nm SLT ,
while Fig. 2c corresponds to an extra sample grown
with a very broad SLT of 50 nm. No sharp contrast
revealing dislocations is observed on all the samples:
they are dislocation-free at the field of view scale. In
Fig. 2a and b, one can clearly see a remarkable
staggered wire vertical arrangement, found to be
optimum when the self-organization described in the

Ž .previous paragraph is maximum sample D . In addi-
tion, the InAlAs spacer layer seems to wave to
mimic the island shape. Finally, when comparing

Ž .total dot volume per unit length , either from AFM
or from TEM measurements, with the actual InAs
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Table 1
AFM and PL results versus SLT for stacked structures made of five strained InAs layers separated by In Al As spacer layers on0.52 0.48

Ž .InP 001 substrate

Sample AFM PL

Ž . Ž . Ž .Sample name SLT nm Height nm Width nm Densityr Shape and organization E Fullg
Ž . Ž .mm= length 300 K width at half

Ž .meV maximum
Ž . Ž .FWHM meV

A1 or A2 no 0.8"0.4 18"5 ;60 Uncertain 870 156
B 2.1 1.6"0.8 18"5 ;60 Uncertain 729 286
C 5 1.6"1 18"6 ;60 Uncertain 701 333
D 10 0.8"0.3 18"3 ;60 Well-organized wire 848 131
E 15 1.6"0.5 27"3 ;40 Well-organized wire 813 139
F 25 3"1 35"5 ;30 Well-organized wire 799 150
G 40 1.3"0.6 30"6 ;35 Uncertain 863 133

deposited amount, a ratio lesser than 1 is found. One
can, however, easily see that such a lacking InAs
amount can be completely retrieved as a thin InAs

Ž .wetting layer light color laying below the wires.
Looking now at Fig. 2c, one can observe within

the spacer layer light- or dark-colored features corre-
sponding to indium-rich or aluminum-rich regions,
respectively, and outcoming from InAlAs phase sep-

Ž .aration. Indium-rich V-like features light color
originate from each wire and propagate evanescently
through the InAlAs spacer layer. In other words,
each InAs wire facets are extended within the In-
AlAs spacer layer by an indium-rich region, while
InAs wire-top and in-between wires spacing by an

Ž Ž . .Fig. 2. Cross-sectional g s 200 dark-field TEM images show-
ing the vertical arrangement of five stacked InAs layer samples

Ž . Ž . Ž .with spacer layer thickness equal to a 5, b 10 and c 50 nm.
Ž .d A schema showing the best nucleation sites when alloy
demixing is taken into account.

Žaluminum-rich region. When two V-like arms in-
.dium-rich region meet, they generate an adequate

site for the nucleation of a new InAs wire in the next
plane of a stacked structure. This meeting point may
be estimated to be at a thickness between 10 and 30
nm from the wire plane corresponding to approxi-
mately the wire width. This idea has been schema-
tized in Fig. 2d.

Let us make some comments about InAlAs alloy
phase separation. Firstly, one has to bear in mind
that LM InAlAs alloy can undergo phase separation

w xonly if surface presents some roughness 9 . Indeed,
this condition is fulfilled in our case because of the
previous InAs island growth, and the indium-rich
regions disappear when the SLT allows a surface
smoothening. Second, this phase separation has been
shown to be strongly dependent on growth tempera-
ture and to reach a maximum for the range 400–
4508C. At these low-growth temperatures, the clus-

w xters are typically 2 nm wide along the 110 direc-
tion. At the current growth temperature 5258C, the
phase separation is normally not detectable by TEM.

w xHowever, it is now well established 11–15 that
when a material is stressed because it is coherently

Ždeposited on a different material layer the island
.InAs layer in our case , its total energy can be

lowered by an adequate roughening of its surface
Ž .the spacer layer waving in our case or, if this
material is an immiscible alloy, by an adequate
demixing. Thus, there exists a complex interdepen-
dence between phase separation, surface morphology
and mismatch stresses whose combined action is
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Fig. 3. Comparison of 300 K PL spectra of five stacked InAs layer
samples with different spacer layer thickness.

thought to be at the root of the observed surprising
island staggered vertical organization.

5. PL results

The room temperature PL spectra are reported in
Fig. 3. The corresponding PL peak characteristics,

Ž .i.e. the gap E at 300 K defined as the lowerg

energy at half maximum and FWHM, are collected
in Table 1. Sample A2 has been capped by LM
InAlAs up to 300 nm to compare with the other five
InAs layer samples. E at 300 K is found at 870g

meV with a FWHM equal to 156 meV. For samples
ŽB and C, their very broad PL peaks FWHM equal to
.286 meV and 333 meV, respectively can be thought

as resulting from the large size distribution and lack
of vertical self-organization of their involved InAs
wire layers. For samples D, E and F, E at 300 K areg

at 848 meV, 813 meV and 799 meV, respectively,
and thus shifting toward lower energies in perfect
accordance with the widening of the wire size and
thus lowering of the quantum confinement. Their

Ž .smaller FWHMs around 130–150 meV clearly take
its origin in the good wire self-organization as found
from AFM for these samples. The smaller FWHM

Ž .measured for the sample D 131 meV seems to
indicate that the best wire self-organization is ob-
tained for the 10-nm SLT as given by forewarning
TEM observations. Finally, for sample G, where the
influence of the wire size is no more correlated with
the SLT, the E at 300 K is found at 863 meVg

confirming that the wire size is reduced compared to
sample F. In summary, the PL measurements well
confirm the self-organization improvement supplied
by a stacking process observed by AFM and TEM
imaging.

6. Concluding remarks

From this study, we have found that a stacking
process enhances the wire-like shape of the nanos-

� 4 Ž .tructures obtained in InAsrInAlAs rInP 001 .n

Moreover, such a stacking process leads in our case
to a remarkable staggered vertical alignment of the
wires instead of the usual on-top vertical alignment.
This arrangement is thought to be the result of

Ž .complex interaction in between i the stress field
from each InAs island layer within each InAlAs

Ž .spacer layer, ii the phase separation appearing in
Ž .the InAlAs spacer layer and iii the surface mor-

phology. In addition, such a wire vertical and lateral
organizations depend on many parameters that are
not independent and that must be judiciously chosen
to improve the size homogeneity and the staggered
vertical alignment of the wires essential for actual
applications.
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