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Size-filtering effects by stacking InAsÕInP „001… self-assembled quantum wires into multilayers
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Multilayer structure containing vertically stacked InAs/InP self-assembled quantum wires have been suc-
cessfully grown by molecular-beam epitaxy. The influence of the InP spacer layer thickness on the structural
and optical properties of the wire superlattice has been studied by means of transmission electron microscopy
and photoluminescence. The coherent propagation of the strain field in the sample with a 5-nm-thick spacer
determines by a size filtering effect a good homogeneity and uniformity of the wire stacks, and hence a good
optical quality. The exciton recombination dynamics in the wire superlattice cannot be related to thermal
escape of carriers out to the barriers, as occurs in single layer samples.
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In the last few years a considerable effort has been
voted to the achievement of uniform self-assembled quan
dots and wires, given the technological advantages predi
for these systems in optoelectronic devices. The stackin
quantum dots in multilayer structures has been propose
an efficient mechanism to improve uniformity.1,2 This effect
has been demonstrated in the case of InAs/GaAs s
assembled quantum dots, where deposition of multiple lay
of InAs separated by GaAs spacers results in vertically c
related quantum dots of better structural and opti
properties.1,3–5

Spontaneous formation of InAs quantum wires~QWR’s!
on InP ~001! has been recently demonstrated.6–11 These
nanostructures are potential candidates for application
light-emission devices working atl'1.55 mm.11,12The for-
mation of InAs QWR’s, instead of quantum dots, is due
the buildup of a strong stress anisotropy at the InP/InAs
terface under molecular-beam epitaxy~MBE! growth
conditions.13 Multilayer structures based on the InAs/In
system have been also grown by using In0.52Al0.48As,
In0.53Ga0.47As, and In0.52Al0.48As/In0.53Ga0.47As short period
superlattices as spacers.6,8,9 The wires in these structures a
either vertically correlated or anticorrelated in the differe
layers, depending on the composition of the spacer, prob
due to demixing effects of the InAlAs spacer.8

Using InP as the spacer material, in this work we pres
evidences of a strain driven vertical filtering of the wire siz
in stacked InAs self-assembled QWR multilayers, nam
wire superlattice~WSL!. The influence of the spacer thick
ness in the structural and optical properties of the WSL
been studied by means of transmission electron microsc
~TEM! and photoluminescence~PL!.

The samples studied here consist of a stack of ten la
containing self-assembled InAs QWR’s separated by
spacer layers with different thickness~5 nm for sampleA and
12.5 nm for sampleB), grown by MBE on InP@001# sub-
strates. The InAs layers were grown at a substrate temp
ture TS5400 °C, whereas the InP buffer and InP spacer l
0163-1829/2002/65~24!/241301~4!/$20.00 65 2413
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ers were grown atTS5450 °C. We used a growth rate o
0.44 monolayers per second~ML/s! and a beam equivalen
pressure~BEP! (As4)5331026 mbar for InAs and BEP
(P2)5731026 mbar for InP. After deposition of each
4-ML-thick InAs layer in the structure, the growth was inte
rupted during 60 s andTS increased up to 470 °C for en
abling self-assembling process. Similar samples, but cont
ing single QWR layers, both with and without InP cappin
have been also studied in previous works and used here
comparison with the WSL’s.11–13In these samples, the nom
nal thickness of the deposited InAs layers was 2.5 ML.

TEM studies were carried out in a Jeol 1200 EX micr
scope operated at 120 kV and a Jeol 2000 EX working at
kV with structural resolution of 0.21 nm. Cross-section
TEM ~XTEM! specimens were prepared by mechanical th
ning and ion milling at N2 liquid temperature to minimize
damage of InP. Photoluminescence experiments in the
250 K range were carried out by using the 514-nm line of
Ar1 laser. The PL signal was dispersed by a1

8 -m focal length
double monochromator and synchronously detected by
extended InGaAsp-i -n photodiode.

Bright field XTEM images of samplesA andB recorded
under two beams condition exciting the 002 reflection
shown in Fig. 1. XTEM studies were also carried out kee
ing the electron beam along the InP@11̄0# direction, that is,
along the QWR axis. These images allow the on-axis ob
vation of QWR’s, though such image conditions do n
maximize the chemical contrast between InAs and InP.
improve such contrast, 002 reflections have to be exc
without exciting other less chemically sensitive reflectio
~e.g., 111 reflections!. This is done by tilting the sample to
get the electron beam along another crystalline direct
such as@32̄0#. This direction is contained in the plane@001#
and the spots with maximum intensity correspond to 00n

and 002̄n reflections. Such a high-resolution image is sho
on the bottom of Fig. 1~a! for a selected area of the stac
ensemble, as indicated. We can see how the contrast bet
©2002 The American Physical Society01-1
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B. ALÉN et al. PHYSICAL REVIEW B 65 241301~R!
the InAs wires and the InP spacers and buffer is really
proved, and the wire shape better defined with respect to
XTEM image of the same zone.

Table I lists all the geometric parameters of the wire sta
system in samplesA andB, i.e., height~H! and width~W! of
the wires, in-plane spacing (l), and spacer layer thicknes
(S). These parameters were measured from on-axis@11̄0#

and @32̄0# ~three beams! XTEM images of an area contain
ing eight stacks of ten wires in both samples. The error gi
in all these parameters corresponds to the standard devi
~80 data!. The average value measured of~S! in the wire
intervalleys is in good agreement with nominal values. A
included in Table I are the average values found from ato
force microscopy~AFM! micrographs taken on InAs singl
layer uncapped samples. The difference in height betw
uncapped and stacked QWR can be due to the diffe
amount of InAs deposited and also to the error introduced
the AFM estimate of the shape.

From Fig. 1 and Table I, we can establish the followi

FIG. 1. XTEM images of samplesA ~a! andB ~b!. The selected
area in the XTEM image of sampleA is also shown under high
resolution conditions at the bottom side of~a!.
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findings: ~1! In sampleA most of the wires in the first laye
propagates vertically giving rise to aligned and unifor
stacks of wires. The uniformity of the wires in the eig
stacks is measured byDH/H andDW/W, which are around
18% and 10%, respectively. It is worth noting thatDH is
equal to 2 ML, in agreement with the linewidth of the ma
PL line, as discussed below. The uniformity of the spa
distribution of the stacks is measured byDl/l, also around
a 10%. The absolute value oflA is close to the in-plane pitch
period found in single InAs QWR layers. A deviation lowe
than 2° is measured between the first and the last wire of
stack. ~2! In contrast, in sampleB, one of the three wires
(lA /lB;3) in the first layer propagates vertically, givin
rise to QWR stacks. This nucleating wire is particularly b
namely, a ‘‘defect’’ wire. The uniformity of the wires in the
stacks is two times worse than in the sampleA, as also for
the spatial distribution (DlB /lB around 22%!. The deviation
measured from the first to the last wire in the stack is n
around 6°, three times greater than in sampleA.

Therefore, the above given results demonstrates how
5-nm-thick spacer is thin enough for enabling an efficie
strain propagation along the growth direction through
whole structure. The wires are clearly piled up in a correla
way, as for InAs/GaAs quantum dot multilayers,1,3–5because
the spacer layers are made of a binary compound~InP! and
demixing effects cannot appear. Our results provide furt
experimental evidence for the model proposed in Ref. 8
explain the anticorrelation effects. At the same time,
strain redistribution between wires and spacer layer ha
filtering effect on the size of the wires being stacked, givi
rise to the observed vertical (HA) and lateral (WA , lA) uni-
formity, in contrast to the observed findings in sampleB, as
outlined above. The larger thickness~12.5 nm! of the InP
spacer layers in sampleB inhibits the strain propagation be
tween consecutive layers and the wires in vertical stacks
only 1/3 of the total, promoted by ‘‘defect’’ wires in the firs
layer. Optical results will be in agreement with the structu
characterization, as discussed below.

Figure 2 shows the PL spectra for two single layer QW
samples@Fig. 2~a!#, and samplesA @Fig. 2~b!# and B @Fig.
2~c!#. All the spectra have been normalized for clarity, but
is interesting to note that the PL peak intensities are com
rable in all cases. The PL peak intensity of sampleB ~no size
filtering! is a factor 2 greater than in sampleA ~size filtering!.
In the single layer case the PL band can be deconvolute
several Gaussian components, as shown in Fig. 2~a! for the

TABLE I. Height (H), base width (W), period (l), and spacer
layer thickness~S! of InAs QWR’s measured by XTEM in stacks o
10 layers~samplesA andB) and by AFM in uncapped single laye
~single QWR! are shown.

Sample ~H! ~nm! ~W! ~nm! l ~nm! ~S! ~nm!

Single QWRa 0.6–2 1862 2462
A b 3.460.6 16.161.7 2763 3.960.5
B b 4.361.2 1763 74616 11.760.7

aFrom AFM images.
bFrom XTEM images.
1-2
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best quality sample. Both samples have been grown un
similar conditions by depositing the same thickness of In
nominally 2.5 ML, but they do not exhibit the same degr
of uniformity. By correlating AFM and approximate calcula
tions of the band to band optical transitions, the Gauss
components of the spectra in Fig. 2~a! can be attributed to
different QWR families, each one representative of a w
height.11,12 Two consecutive components arise from 1-M
fluctuation in the wire height, and the range of the absol
wire height assignment, within 1–2 ML accurac
approximately,12 is 8–13 ML, from high- to low-energy
components in the best quality sample, and 7–13 ML in
other one. These samples will be used here for compar
with samplesA andB, being the most important paramete
for such comparison the central emission energy and
linewidth and peak energy of the Gaussian components~rep-
resentative of a QWR height family!.

In sampleA we can deconvolute two Gaussian comp
nents, centered at 0.728 and 0.805 eV, being the latter
dominant one, as shown in Fig. 2~b!. The linewidths of such
components are around 50 meV, approximately the doubl
the linewidths deduced for single-height family emissi
lines in the single layer samples. In this way, each emiss
component in sampleA would arise from a stack family in
which the wire height fluctuations are around 2 ML~0.6 nm!,
in agreement with the standard deviation found in the ei
stacks measured by XTEM for this sample~Table I!. In con-
trast, in sampleB we find a broad emission band at 0.89 e
and two not well resolved and narrower Gaussian com
nents at 0.678 and 0.745 eV, as shown in Fig. 2~c!. From
XTEM data, we can assign the broad band to the domin
vertically uncorrelated wires, 2/3 of the total. Indeed the c
tral energy of this band is close to that measured in the sin

FIG. 2. PL spectra at 50 K of~a! two samples containing a
single QWR layer,~b! sampleA and ~c! sampleB.
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layer samples@see Fig. 2~a!#. The larger InAs amount used i
sampleB ~4 ML! and the residual strain field between diffe
ent layer stacks are the main differences from single la
samples, and they could be the origin of the absence of st
ture in the 0.89-eV emission band in sampleB. The low-
energy bands would be thus associated to vertical stack
wires, in a 1/3 proportion, as given by XTEM measuremen
The overall linewidth of these poorly resolved bands, a
compatible with the 4-ML~1.2-nm! standard deviation of the
wire height found in the wires of the eight examined stac
in sampleB ~Table I!. At the same time, the redshift of thes
bands is consequent with the larger average wire he
found in the stacks of this sample~4.3 nm! with respect to
the average value found in sampleA ~3.4 nm!, for which we
associate the main emission band at 0.805 eV shown in
2~b!. On the one hand, the ground optical transition lies
around 0.807 eV in the case of a QWR 12 ML~3.6 nm!
high.12 On the other hand, the energy-level splitting due
vertical coupling of the electron wave functions, and hen
the expected redshift of the corresponding emission for
wire size, can be of the order of 20 meV.14 Therefore, the
association of the 0.805-eV band in sampleA to stacks in
which the wires are 3.4 nm high~near to 11 ML!, in average,
is completely reasonable.

More important than these electronic structure consid
ations, also sensitive to the accuracy in our model~1–2 ML!,
is the optical quality improvement found from sampleB to
sampleA due to the size filtering effect of the spacer lay
The broad band centered at 0.89 eV in sampleB ~vertically
uncorrelated wires! is representative of height fluctuation
greater than 9 ML in the wire ensemble~more than nine
families not resolved!, by comparing with the single laye
samples. In sampleA we find two families of QWR stacks
emitting at 0.728 and 0.805 eV. The latter is dominant and
assigned to the QWR stacks measured by XTEM. The he
fluctuations within these two families of stacks is not grea
than 2 ML, according to the structural and optical charac
ization. The size fluctuations are thus reduced by more th
factor 2 in sampleA by using a narrower spacer layer.

Figure 3 shows the temperature evolution of the emiss
in samplesA @Fig. 3~a!# and B @Fig. 3~b!#. The different
recombination dynamics taking place in vertically correlat
and uncorrelated wires can be observed on sampleB where
both coexist@Fig. 3~b!#, as referred above. In our previou
work on single QWR layers, thermal escape of carriers
wards the barriers, where they recombine nonradiatively,
demonstrated to be the main mechanism affecting the e
sion efficiency at high temperatures.12 In that work we
showed that the high-energy PL components~smaller wires!
quench faster than the low-energy ones~taller wires!, given
the smaller energy difference between the gap barrier and
excitonic optical transitions in the first case. The activati
energies of the PL quenching were thus different from hig
to low-energy components, raging from 100 to 350 meV
similar phenomenology is observed in the case of samplB,
where we observe how the broad Gaussian band at 0.89 e
quenched comparatively much faster than the low-ene
features, as shown in Fig. 3~b!. This is a further experimenta
evidence of the origin of this band, associated to differ
1-3



an
at
o
d
n
r-

dy

h
-

e
ca

a
n
I

he
o

ni
e

ow-
ive
-
s a
e of
in-
en-
the

ple
u-
if
ra-

ion
eV,
und

ul-
nP
ness
he
t of
he
cer

mi-
uc-
e
y-
e of
ore

un-
is-
.

t in

s

RAPID COMMUNICATIONS
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QWR families not vertically correlated, even if no doubt c
arise after the evidences discussed above. The temper
evolution of the PL components associated to vertically c
related wires in sampleB cannot be appropriately obtaine
from data plotted on Fig. 3~b!, because they mix betwee
them and with the PL signal coming from vertically unco
related wires above 140 K. The exciton recombination
namics in the WSL can be better observed in sampleA,
where vertically correlated wires are dominant. The hig
energy component~0.805 eV! quenches faster than the low
energy one~0.728 eV!, as observed in Fig. 3~a!, but with
activation energies around 35 meV and 70 meV, respectiv
These values are far from being associated to thermal es
of carriers out to the barriers, as occurs in single layer QW
samples. The most outstanding difference between single
stacked QWR’s is the partial coupling between them alo
the vertical direction, more important for excited states.
this way, the carrier tunneling time between wires in t
same stack is expected to be shorter than the exciton rec
bination time at every temperature. That is, the excito
recombination can take place at either the same wire wh

FIG. 3. Temperature evolution of the PL spectra in sampleA
~a! andB ~b!.
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excitons are photogenerated, or any other in the stack. H
ever, even if we can expect an effective exciton radiat
lifetime slightly different from that in single wires, this situ
ation does not explain the thermal PL quenching unles
nonradiative channel could be opened. Thermal escap
carrier towards the barriers in multilayer samples can be
hibited due to the smaller electron and hole confinement
ergies in the stacked wires, because they are taller than
average wire height in single layer samples. The most sim
origin for this nonradiative channel is the existence of imp
rities in the InP material surrounding the InAs wires, even
they are not evidenced in single layer samples. This non
diative mechanism would agree with the greater activat
energy measured for the family stack emitting at 0.728
given the larger energy difference between the carrier gro
state and the deep impurity level~at a certain energy from
the conduction band of the InP!. More work is needed to
give insight into this subject.

In summary, stacked InAs/InP self-assembled QWR m
tilayers have been successfully grown by MBE by using I
as spacer material. We have found that spacer layer thick
fully determines the structural and optical properties of t
multilayer structure, being observed a strong improvemen
the homogeneity and uniformity of the QWR stacks, in t
case of an appropriate layer spacing. For a 5-nm-thick spa
layer, most of the wires are stacked and two wire stack fa
lies are identified by PL measurements. The wire height fl
tuation in each family is around 2 ML, in agreement with th
structural characterization. The exciton recombination d
namics in the WSL cannot be associated to thermal escap
carriers, as occur in single layer QWR samples, but m
probably to carrier trapping in deep levels.
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